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The purpose of this investigation was to provide a better understanding
of particle retention in fiber mats by speaking to particular aspects of the
problem. The major objectives of this work were:
1. To obtain quantitative data on the extent of particle removal
and its relationship to the overall retention process.
2. To explore the interrelationships of colloidal and hydrodynamic
variables on the attachment process and the extent of inter-
actions.
3. To examine in some detail the variables occurring within a
pad and the effects on retention rate.
This study was concerned with the specific system composed of titanium
dioxide particles and wood pulp fibers. Colloidal environment was controlled
by pH adjustment only. The study was essentially divided into two phases. The
first phase consisted of particle removal studies, and the second phase was
concerned with particle attachment. Visual observations and constant-rate
filtration experiments were utilized in both phases of the study.
For this system at constant colloidal conditions and over the shear
ranges employed, no significant amounts of removal of bound particles were
observed. Microscopic observations showed that individual particle removal
was insignificant. These observations also showed that the major removal
mechanism was the loss of fiber fragments with particles attached. It was
concluded that the titanium dioxide-fiber bond was strong enough to withstand
the shear forces encountered in this study. These bonds appear to be stronger
than the bonds in certain sections of the fiber wall. Filtration experiments
were used to quantitatively test for particle removal. No significant loss or
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redistribution of titanium dioxide could,be determined in the experiments. Over
this limited range of experimental variables, the retention process can be
considered irreversible at constant colloidal conditions. The removal of bound
particles, however, was found to be sensitive to colloidal environment. By
restoring the repulsive potentials of the system, the particles were readily
removed from the fiber surface. This effect was attributed to the repeptization
phenomenon.
Visual observations of wood pulp fibers being permeated by suspensions
of titanium dioxide have also shown the complexity of the attachment process.
The fibrillar nature of the wood pulp fiber makes the flow patterns about it
very complex. These fibrils, which extend from the fiber surface, act as
excellent collectors of particles.
The collection of particles by fiber mats is normally described in terms
of a dimensionless parameter called the collection efficiency. Physically, the
collection efficiency is the fraction of particles which are retained in passing
through a given fiber layer. The previous concept of a collection efficiency
composed of a separable collision probability and adhesion probability was found
to be inadequate in describing the attachment process for this system. The
conversion of free particles to bound particles involves interactions between the
colloidal and hydrodynamic variables. The interrelationship between these
variables was visualized as occurring through the kinetic energy of the particles.
Variations of the collection efficiency within individual pads were
attributed to compressibility effects. Depending on the colloidal conditions,
the collection efficiency increased with increasing compression at low states of
compression and decreased when the pad was highly compressed. These results could




Loading, a traditional papermaker's term, means the incorporation of
inorganic materials called fillers into the fibrous web to improve the quality of
certain papers or boards. Fillers improve the smoothness of papers. Uncoated,
supercalendered papers with high filler content display a high surface smoothness.
Ink receptivity is also improved in filled papers as the fillers have a better
wettability than the cellulose fibers. Opacity control in low basis weight
papers is achieved by filler addition. Fillers may also be added to filter
paper to adjust porosity. High brightness fillers are used to improve whiteness
in some papers. Thus, fillers perform a variety of useful functions in paper-
making and an understanding of the mechanism of their incorporation into the
sheet is essential for efficient usage.
Common materials used as fillers in the paper industry are clays, synthetic
silica pigment, natural silicates such as talc, calcium sulfite, calcium
carbonate, calcium sulfate, barium sulfate, zinc sulfide, and titanium dioxide.
Fillers vary in particle size over a fairly wide range, but most are very small
compared to fiber lengths. They are added to pulp slurries at the wet end of
the paper machine. Some of the filler may become attached to fibers prior to
sheet formation, during the period between the point of addition of the filler
and the arrival of the stock at the wire. Additional filler may be incorporated
into the sheet during drainage. Conclusive evidence on the relative importance
of loading prior to and during sheet formation has not yet been obtained.
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COLLOIDAL EFFECTS
Early studies revealed the importance of the colloidal environment of
the system on the total amount of filler in the sheet. It was found that pH
and the presence of salts had pronounced effects, indicating that electrokinetic
factors play a role in filler retention (1). Brill (2) has shown that the
presence of some polymers such as oxidized (chlorinated) starch decreases the
amount of filler in the sheet. Other polymers such as Sveen glue, locust bean
and guar gums, cationic starches, and more recently polyelectrolytes have been
shown to increase filler content (3). The amount of polymer and the point of
addition in the papermaking system influence its effectiveness. The exact
mechanism of how these polymers work is not fully understood. Under certain
conditions they have little or even adverse effects on the amount of filler in
the sheet.
FORMING EFFECTS
Many studies have been conducted which show that the distribution of
filler in sheets is also dependent on the method of sheet formation. The most
extensive study in the actual papermaking system was made by Groen (4). He
found that on fourdrinier-made paper the top side of the sheet was richer in
particles than the wire side. This confirmed the results of most earlier
investigations. The general form of the distribution was as follows:
Filler concentration was lowest in the extreme wire-side layer. Proceed-
ing toward the top side, the filler concentration increased rapidly at first
and then more slowly. A relatively constant pigment concentration could exist
through much of the mat. A slight increase sometimes occurred on the top side.
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The location in the mat where the sharp decrease in concentration toward the
wire side commenced was found to be a function of paper machine speed. Use of
a wet dandy roll led to a slight enrichment of the top section of the sheet,
while a dry dandy roll had no effect.
Groen's explanation of this observed distribution was based on variation
in mat structure during formation. He gave the following qualitative explanation
for the distribution of particles: "In the first stage of drainage, the filter
mat is formed only by the wire, with coarse openings compared with the particle
size. Consequently, the first hypothetical layer will be relatively poor in
filler particles. The next layer contains somewhat more filler, because now an
open layer of fibers takes the place of the wire as the filter medium. During
continued drainage, subsequent layers will be built up, steadily increasing
in filler content. The loading material acts as a filter aid in plugging the
pores, as do small particles when filtering on filter paper. The top layer
will contain less loading, however, because the filler particles are retained
not by this layer but by the next one. The resulting theoretical filler
distribution will show a maximum, with a decrease toward the top side and a
somewhat larger decrease toward the wire side."
Paper from a cylinder mold machine shows a distribution of filler opposite
that of paper made on a fourdrinier machine. The filler content on the top
side is always less than that of the wire side. Starting from the top side,
a gradual increase in filler content is observed, followed by a horizontal
section, and then a slight decrease near the wire side.
Steenberg (5) felt that the differences in these distributions were due
to the intermittent drainage on the fourdrinier and the continuous drainage on
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the cylinder mold machine. He felt that as the sheet passed over a table roll
it was compressed elastically. In the compressed state, the particles would
become trapped, but released when the pressure drop decreased. As the sheet
passed over another table roll, some of the particles would pass into the white
water as the sheet was again compressed.
Both Steenberg's and Groen's explanations treat loading as essentially a
mechanical process. This may be contrasted with the work that has shown the
importance of colloidal factors. Considerations such as these show the com-
plexity in treating loading in the papermaking process itself. Laboratory studies
provide an opportunity to simplify the system to the point where the effects of
colloidal variables and forming variables can be studied in detail. The
continued study of the effects of selected variables under laboratory conditions
must result in an improvement in the understanding of loading.
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REVIEW OF RETENTION CONCEPTS
Particle retention is a general term used to describe the process by
which small particles are removed from a suspending medium and collected by a
solid substrate. When the substrate is a fibrous sheet and the collection
occurs as part of the sheet-forming process, retention is synonymous with the
traditional term "loading."
MECHANISMS OF PARTICLE RETENTION
The starting point in considering the retention process is to determine
how the particles are incorporated into the final sheet. Haslam and Steele (6)
have suggested three different mechanisms by which this may be accomplished.
These mechanisms are filtration, entrapment, and coflocculation. Filtration and
entrapment are both physical processes, and may be grouped under the general
term "sieving." Coflocculation is a physicochemical process.
SIEVING
Sieving is a term used to describe the mechanical trapping of particles.
Sieving by entrapment implies the mechanical attachment of particles to
individual fibers. This could possibly take place in the hollow lumens of
fibers or by the wedging of particles in the fiber wall. Sieving by filtration
implies the mechanical trapping of particles in the three-dimensional network
formed by the fibers in a sheet. This action depends almost entirely on the
particle size and the internal pore structure of the sheet. Sieving by filtration
occurs.when the particles are too large to pass through the pores of the fiber
mat. It would be expected that retention by this mechanism would be completely
reversible if the mat were redispersed.
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COFLOCCULATION
Retention by coflocculation is concerned with the interaction of the same
interfacial forces which are involved in ordinary colloidal flocculation. By
proper manipulation of these interfacial forces, the particles may become
attached to the fiber surface by physicochemical bonds. These forces are usually
divided into an attractive force and a. repulsive force. The magnitude of each
depends on the particular system being considered.
All particles of matter attract one another with a finite force. This
attractive effect is caused by the residual valence forces present on all
surfaces. These forces are sometimes grouped together under the term "Van der
Waals-London forces." The attractive force between particles of colloidal size
varies approximately with r 9 , where r is the distance of separation, at small
distances of a few angstroms, and with r- 7 at larger separations up to several
hundred angstroms. Attractive forces are essentially independent of the colloidal
environment and are unique to each system. These attractive forces are always
present, and the particles will become bound to the fiber if they are the
predominant forces acting.
Normally, the particles will have to overcome a repulsive barrier before
they can get sufficiently close to the fiber surface to be held by the attractive
forces. The repulsive forces are electrostatic in nature, and are proportional
to an exponential power of distance. They are due to the formation of an
electrically charged layer on the particle and on the fiber surface. Inorganic
particles normally acquire their electric double layer by preferential adsorption
of ions from solution (7). The origin of the charge on the cellulose fiber
is somewhat more obscure (8). It is probably due to both direct ionization
of ionizable groups and preferential adsorption of ions. The magnitude and
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sometimes the sign of those charges is dependent on the ionic environment. If
the charges on the particles and fiber are alike in sign and sufficient in magni-
tude, the particles cannot become bound. If the charges on the particle and
fiber are unlike in sign or low in magnitude, the particles may become bound
through the Van der Waals-London forces.
Most fillers used in the paper industry and the cellulose fibers themselves
acquire negative charges in distilled water (8). This is the reason for the
repulsive force, as the charges on the particles and fibers are normally alike
in sign. Adjustment of the colloidal environment, however, can change the
magnitude and sometimes the sign of this electrostatic force.
RELATIVE IMPORTANCE OF SIEVING AND COFLOCCULATION
The controlling mechanism of particle retention is determined by a number
of factors. In many of the retention systems encountered in the paper industry,
the particle size of the filler is too small to be retained solely by a sieving
mechanism. There is a growing awareness in the industry that coflocculation
between pigment and fiber is the dominant mechanism in many systems of commercial
importance. Among these is the retention of titanium dioxide on wood pulp.
Studies of retention of titanium dioxide particles on pulp fibers have been
carried out by Williams and Swanson (9). They conclude on the basis of the
strong influence of ionic environment as well as visual evidence that coflocculation
is the predominant retention mechanism for this system.
The treatment of retention as a coflocculation process is a relatively
recent development. It involves considerations which are significantly different
from those relevant to sieving. This thesis is concerned with retention by
coflocculation, and is restricted to the specific system of titanium dioxide
particles and wood pulp fibers.
PREVIOUS STUDIES
The retention of titanium dioxide in fiber mats has been studied rather
extensively in recent years. This is due not only to the importance of titanium
dioxide as a filler in the paper industry, but also to the fact that it is a
chemically stable, easily characterized, small particle system. Despite the
large amount of work done, the retention behavior of this filler is by no means
well understood. This is due to the many hydrodynamic and colloidal variables
involved.
Past studies of retention have tended to proceed along two rather distinct
paths, hydrodynamic and colloidal, depending on the variables being investigated.
Han (10) and Johnson (11) attempted the first quantitative treatment of retention
in a fiber-fluid system by introducing the concept of a collection efficiency
from the field of aerosol filtration. To a first-degree approximation, this was
successful and the collection efficiency proved to be a useful means for
characterizing retention in a fiber mat. The work of both Johnson and Han was
directed mainly at the understanding of hydrodynamic variables. They sought
correlations of the collection efficiency with variables such as velocity and
fiber diameter at fixed colloidal conditions.
Williams and Swanson (9) undertook an extensive study of the effects of
colloidal variables on retention in the titanium dioxide-pulp fiber system.
They determined collection efficiency as a function of colloidal variables and
introduced the concept of a proportionality factor, a, multiplying the collection
efficiency predicted from hydrodynamic variables to determine the effective
collection efficiency. They were able to achieve a correlation between the
amount of retention obtained in a stirred tank prior to pad formation and the
collection efficiency obtained by pad formation. They established that the
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effects of colloidal variables on retention of titanium dioxide on pulp fibers
were similar to a typical hydrophobic colloid system.
All of the above studies found that the collection efficiency was not a
constant in the pads. Subsequent work by Grace (12) demonstrated that the
simple concept of collection efficiency seemed inadequate to completely describe
retention during mat formation. In order to understand this, it is necessary to
examine the retention process in a more quantitative manner.
NATURE OF THE RETENTION PROCESS
A quantitative description of the retention process must begin with the
distinction between free and bound particles. This allows the introduction of
the concept of particle concentrations. Free particles are associated with the
suspending fluid. They are free to move in the fluid and can be transported by
the bulk motion of the fluid. Bound particles are associated with the fibers.
They are not free to move in the suspension, and may be considered to have no
independent motion at all.
Bound particles are, of course, particles which have been retained, and
so the retention process can be considered the process by which free particles
are converted to bound particles. The relative magnitude of the free and bound
particle concentrations measures the extent of retention. The rate at which
retention proceeds can be measured by the time derivatives of these particle
concentrations. An understanding of the variables affecting this rate is the
starting point for any comprehensive theory of the retention process.
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RETENTION EQUATIONS
Nelson (13), Han (10), and Grace (12) have considered the retention of
small particles in a fibrous mat. Using continuity considerations, they have
developed partial differential equations which relate free and bound particle
concentrations to the retention rate. Grace's method of presentation will be
followed here.
A derivation of these retention equations is given in Appendix I. The
derivation consists basically of four different mass balances made on the yater,
the fiber, the free particles, and the bound particles. Combining these four
mass balances yields a pair of retention equations for free and bound particles,
respectively.
AU E Spuo . U Pp PW ap
-pwA -[ o (1 - e) + i - P pf + (1 -) at
s wPfUo p a P' ;A
_______o ap' ap'+ = (2)
Pf + spw am at
where
P' = bound particle concentration, mass bound particles per unit mass
of fiber,
P = free particle concentration, mass free particles per unit mass
of fluid,
Pw = fluid density,
pf = fiber density,
s = consistency, mass fibers per unit mass of fluid,
A = area of mat,
m = fiber mass-mat coordinate, from top of mat,
t = time,
U = forming velocity or filtrate velocity, and
= retention rate, time- 1 .
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There are very few restrictions on these equations in their general form-
However, it should be noted that these equations in the (m, t) form do not
describe any retention which might occur during a mixing period prior to mat
formation. The most serious assumption is the treatment of a mat of discrete
fibers as a continuum without distinct boundaries. It is a valid approach if
the area of the mat under consideration is large enough that a great many fibers
are involved. The distinction of free and bound particles as the only allowable
particle states and the treatment of retention as a kinetic process are very
reasonable assumptions.
These retention equations are coupled partial differential equations,
first order in each of two independent variables. Boundary conditions on
these equations (and on the retention process) would normally be set at m = 0
(the mat surface) and t = 0 (start of process). The coupling between the two
equations occurs through the retention rate (().
The retention rate, as defined by Equations (1) and (2), is the net mass
rate of free particles becoming bound per unit mass of fibers. In general,
it must be assumed that particles can be removed as well as retained. Overall
retention is, then, a net effect and the retention rate is a net rate. The
following definitions will be made in this thesis in order to emphasize that
overall retention is the net result of competing processes. The absolute process
by which particles become bound will be called attachment, and the rate at
which it occurs will be called the attachment rate. The absolute process by
which bound particles become free will be called removal, and the rate at which
it occurs will be called the removal rate. Thus, < is composed of two parts -
an attachment rate and a removal rate.
APPLICATION OF THE RETENTION EQUATIONS
The retention equations in their general form are quite complex. Exact
solutions can be obtained only in certain special cases. These special cases
involve two factors: the specification of a prescribed manner for carrying out
the process and an assumption about the retention rate. No assumptions will be
made about the retention rate at this point. However, the simplifications
resulting from the application of the equations to a constant-rate filtration
will be considered.
In a filtration, a mat is formed from a suspension of particles and fibers.
The retention process occurs simultaneously with the sheet-forming process. In
a constant-rate filtration, the mat is formed at a constant rate; that is, the
suspension flows toward the forming wire at a constant velocity. With certain
assumptions, presented in Appendix II, the retention equations simplify to:
dP'
P AU d' = ' (3)
-w o dm-p AU =. (4)w o dm
The time independence of these equations is unique to a constant-rate
filtration. The reasons for this are discussed in Appendix II. This time
independence makes the constant-rate filtration an especially desirable method
of carrying out retention rate studies. The relationship between free and
bound particle concentrations may be obtained by combining Equations (3) and
(4), giving




P + sP' = sP (6)
where P = initial particle concentration, mass particles per mass fibers.
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Equation (6) provides a means for determining the free particle concentration
from the bound particle concentration.
THE RETENTION RATE
The collection:efficiency concept requires 0 to have the form
0 = Ks(P - P) (7)
where K is the rate constant proportional to the collection efficiency. This form
states mathematically that the rate at which free particles become bound particles
is proportional to the free particle concentrations. Thus, the collection
efficiency approach assumes that retention is first order in free particles.
Physically, the collection efficiency is the fraction of particles which
are retained in passing through a given fiber layer. For a homogeneous particle
system, the collection efficiency is then the probability that a given particle
will not pass through a fiber layer. The attractiveness of the collection
efficiency is that it permits the construction of ideal models for mathematical
predictions of collection efficiency and logical development of variable correla-
tions. The classical way that this is done is to assume a separability of
colloidal and hydrodynamic variables. Particle trajectories are calculated
from hydrodynamic considerations to determine the collision probabilities, and
colloidal variables are assumed to govern the probability that a given collision
will be effective.
The rate constant in Equation (7) is related to the collection efficiency
in the following equation:
K = ESpwUo (8)
where
E = the collection efficiency and
S = fiber specific surface, area of fiber per unit mass of fiber.
If the rate constant or 'collection efficiency is constant, Equations (3) and (4)
can be readily solved. The solution for bound particles, Equation (3), is given
by Equation (9):
P -P' = (P - P )e-m/PwAU (9)00 00 0
In terms of the collection efficiency, this becomes
p - p' = ( - P )eESm/A . (10)
00 00 0
P ' is the bound particle concentration (mass particles per unit mass fiber) at
m = 0, the top of the pad. This term is known as the prepad retention. It
accounts for any particles that may become bound during the mixing period prior
to the start of a filtration. Equations (9) and (10) imply a bound particle
distribution which starts at P ' at the top of the pad (m = 0) and asymptotically
approaches P at sufficiently large m. Plots of in (P - P') versus m should0--oo -- -
yield a straight line. The collection efficiency or rate constant can be
determined from the slopes of such plots. Deviations of the plots from
linearity reflect a nonconstant collection efficiency during the filtration.
Depending on conditions, the collection efficiency has been found to increase or
decrease through the pad (sometimes both). Many reasons have been advanced for
the observed changes in collection efficiency (or rate constant). They include
such things as particle removal, saturation of the fiber surface with particles,
changes in local porosity and velocity affecting hydrodynamics, and others. The
resolution of the factors involved in nonconstant collection efficiencies would
certainly provide a deeper understanding of the retention process.
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In summary, although beginnings have been made at understanding the
fundamentals of retention, a good deal more remains to be done. Continuity
considerations provide an insight into the particle distributions obtained,
but demonstrate clearly that the collection efficiency (or retention rate) is
not a simple function. It has been amply shown that colloidal variables have
a profound influence on retention, but they have been treated only in a semi-
quantitative or qualitative manner. There is a particular need to understand
the factors giving rise to the complexity of the retention rate and to resolve
apparently conflicting results from superficially similar experiments.
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PRESENTATION OF PROBLEM
The purpose of this investigation was to provide a better understanding
of retention by speaking to particular aspects of the problem. The major
objectives of this work were:
1. To obtain quantitative data on the extent of particle removal
and its relationship to the overall retention process,
2. To explore the interrelationships of colloidal and hydrodynamic
variables on the attachment process and the extent of inter-
actions. This would help eliminate confusion and conflicts
between data,
3. To examine in some detail the variables occurring within a




This study was restricted to the specific system composed of titanium
dioxide particles and wood pulp fibers. Although wood pulp fibers constitute
a complex porous medium which is very difficult to describe quantitatively, it
was felt that the results obtained with this system would be more applicable to
papermaking systems than results obtained with smooth cylindrical fibers.
Titanium dioxide particles were selected because previous investigators had
already determined that its retention on pulp fibers was primarily a cofloc-
culation mechanism. Stable suspensions of small particle size ranges could be
prepared, and analytical techniques for determining the amount retained in pads
had also been developed.
In carrying out this work, reliance was placed on retention during
constant-rate filtrations. This method was selected because it led to repro-
ducible methods of contacting particles and fiber, was easily controlled, and
lent itself to theoretical treatment.
The interpretation of the experimental data obtained from constant-rate
filtrations was aided by microscopic observations of the retention process.
Details of the experimental program are given in the remainder of this section.
FIBERS
The primary fibers used in this study were commercial bleached sulfite
fibers. They were obtained in dry sheet form of approximately 400 g. per
sheet. Microscopic analysis showed the pulp to be composed of the following
amounts of wood species: 60-80% spruce, 10-20% hemlock, 10-20% balsam fir,
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and 5-10% larch. The sheets were shredded by hand and dispersed in distilled
water. After soaking for approximately 24 hours, the pulp was stored at 40°F.
at about 30% solids.
The pulp was treated in various ways and designated as Pulps 1, 2, and 3.
Description of the treatment process follows.
Pulp 1. Twenty-gram o.d. whole pulp charges were placed in the Bauer-
McNett classifier. Only the fiber retained on the 14-mesh screen after 30
minutes of classification with distilled water was kept for retention experiments.
Pulp 2. Using the same procedure as above, the fines passing through a
60-mesh screen were removed from the whole pulp. This pulp minus the fines was
used in retention experiments.
Pulp 3. Fifty grams of o.d. whole pulp were stirred in a British dis-
integrator for 3 hours. This beaten pulp received no classification. It was
used in this form in retention experiments.
In addition to the sulfite pulp fibers, both rayon fibers and laboratory-
prepared holopulp fibers were used for some filtration experiments. The rayon
fibers were manufactured by FMC Corporation, American Viscose Division. They
were conventional viscose rayon fibers which were 1.5 denier and 1/4 inch in
length.
The holopulp fibers were prepared in the laboratory from noble fir wood.
A complete description of the pulping procedures and the fibers can be found in
Lapinoja's dissertation (24). These fibers were found to be unsuitable for the
purpose of this work due to their high hemicellulose content. The results of
filtration experiments performed on these fibers can be found in Appendix VIII.
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TITANIUM DIOXIDE PARTICLES
The titanium dioxide particles used in this work were a pigment grade
of the anatase form manufactured by the Glidden Company. The particles had been
characterized by Williams (14) and Webb (15) using a centrifugal sedimentation
analysis. The results of an analysis on the entire pigment is shown in Fig- 1-
As seen in this figure, the particle diameters ranged from approximately 0-1 to
1.0 im. with 80% of the particles less than 0,3 im,
The titanium dioxide was dispersed by means of a Hamilton Beach mixer,
Model No. 25, in distilled water at 73% solids, a concentration near the
point where the slurry becomes a thick paste- This slurry was mixed for 30 min.
while water cooling the container. It had been found in previous investigations
(15) that the best dispersed suspensions, as indicated by minimum viscosity,
are prepared by initially dispersing at 73% solids as described, and then
diluting to the desired concentration. This slurry was then diluted to a
0.0193-g. titanium dioxide/ml, slurry which was kept on a continuously rotating
drum to prevent settling. For a given filtration run, the desired amount of
pigment was added by volume measurement.
ELECTROLYTE SELECTION
Investigations by Williams and Swanson (9) had resolved that the titanium
dioxide-wood system could be coflocculated by the presence of various electrolytes.
Their work also showed the system was likewise sensitive to changes in hydrogen
ion concentration. Briefly, at low pH's, the system coflocculated readily and,
at high pH's, the system was stable.
Hydrogen chloride and sodium hydroxide were the only electrolytes selected
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determining the colloidal state of the system by merely measuring and adjusting
the pH of the suspension.
APPARATUS
A piping diagram of the constant-rate filtration apparatus is shown in Fig.
2. The apparatus includes a 50-gallon storage tank (A) for boiling and cooling
the distilled water to deaerate it. One hundred liters of this water would then
be filtered through a Millipore filter (J) (pore size 1,2 =m,) and pumped to a
30-gallon teflon lined tank (B) where the fibers and titanium dioxide were added.
The slurry was then gravity-fed to the forming tube (C) where the filtration ,
was carried out.
The forming tube is made of Lucite, 3-in, inside diameter, 1/4-in. wall
thickness. The area available for flow is 45.3 square centimeters. The backing
plate for the septum (I) on which the pulp pad is formed is also made of Lucite,
1/2-in. thick. Three-sixteenth-inch holes were drilled in the septum in an
equilateral triangular pattern. Additional smaller holes were drilled where
this pattern did not come close to the edge of the area available for flow, The
septum was a plastic screen made of 0.02-inch diameter wires woven in a 36 x 28
wires-per-inch pattern.
Flow through the forming tube was controlled by a variable-speed gear
pump (H) which was capable of flow rates corresponding to velocities from
approximately 0,5 to 5.0 cm./sec. The liquid passing through the pump was
sent to either of two rotameters (E, F), depending on flow rate. Pressure drop
across the pad was monitored by a Pace pressure transducer (D). This signal was
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Figure 2. Simplified Piping Diagram of Constant-Rate Filtration Apparatus
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The Pace unit was calibrated by the use of a mercury manometer. All piping used
in the system was 1/2-inch polypropylene tubing.
DESCRIPTION OF A CONSTANT-RATE FILTRATION
Ten grams of dispersed, deaerated pulp were added to 100 liters of the
deaerated water. The pH of the pulp suspension was then adjusted to the desired
level. The desired quantity of pigment was added to the pulp slurry (0.5 g.).
The pigment-pulp suspension was mixed for 15 minutes before filtration was
initiated. The pad was then carefully formed at the desired flow rate. At the
end of the run, the suspension remaining in the tube above the pad was siphoned
off and the remaining water was drained carefully through the pad. The pad was
then removed from the filtration tube. Two or more pads could be made from one
batch of suspension.
ANALYSIS OF PARTICLE DISTRIBUTION IN THE PADS
The analysis of the pads was carried out as follows. After removing the
pad from the filtration tube, it was split into layers using dissecting needles.
The layers of pulp were dried overnight in an oven at 100°C. The weight of the
pulp plus titanium dioxide of each layer was determined by weighing the dried
samples. The layers were then ashed in a muffle furnace according to the
following schedule: 600°F. for 30 minutes, 700°F. for 20 minutes, 800°F. for 20
minutes, 1000°F. for 25 minutes, and 1400°F. for 60 minutes. This ashing pro-
cedure was used to minimize loss of titanium dioxide by entrainment in the gases.
The titanium dioxide content of each layer was then determined by dissolving the
ash in concentrated sulfuric acid and ammonium sulfate and measuring the UV
absorbance of the solution after addition of hydrogen peroxide. The reference
for the absorbance measurement was a titanium sulfate solution to which no
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hydrogen peroxide was added. The absorbance was converted to titanium dioxide
mass by use of a calibration curve. The ratio of titanium dioxide to pulp mass
for each layer could be determined in this manner. Details of the procedure are
given in Appendix III. The procedure for converting the titanium dioxide-to-pulp
ratio into the bound particle distribution is given in Appendix IV.
APPARATUS FOR VISUAL OBSERVATIONS
Early in the investigation it was felt that visual observations of the
retention process occurring on a single fiber would aid in the interpretation
experiments. An apparatus for viewing the process was constructed. Figure 3
shows a diagram of the apparatus. It was constructed from a 1/4-inch thick
Plexiglas slide. Two 1/h-inch holes were drilled approximately 1/2-inch apart
and small stainless steel capillary tubes were inserted from the ends of the
slides into these reservoirs. The area between the reservoirs was turned down
0.010 inch and constitutes the viewing area. Small clumps of fibers could be
placed on this area or single fibers pinned at the ends by pieces of modeling
clay. A standard microscope slide cover glass was then placed over this area.
A 1/4-inch thick rubber gasket and a stainless steel plate were used to hold the
cover glass in place. Flow of the titanium dioxide suspension was achieved by a
hypodermic needle or from a pressurized buret. Observations were made using a
standard microscope at various magnifications from 10 to 400X. A movie camera
was later incorporated into the system for filming the process directly through
the microscope. Dark field illumination was used as the lighting technique.
Under this lighting technique, the titanium dioxide particles appeared as small
white particles. The fibers were transparent except for their interfaces which
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The collection efficiency concept does not account for the removal of bound
particles. Implicit in this concept is that once a particle becomes bound it
cannot be removed. It has been established by Han and Chang (16) that removal
does occur in the retention system composed of wood pulp fibers and pulp fines.
They prepared fines by dry and wet grinding of fibers to a size range of 0.05-
0.50 Wm. These fines were tagged with radioactive silver -110 and used in
retention experiments. A pad was loaded with these fines and then removal was
studied by passing fluid (without particles) through the pad at a fixed rate.
The permeation fluid was at the same colloidal conditions as pad formation.
The particles remaining in the pad were measured as a function of time by
continuously monitoring the radioactivity of the pad. They found the removal of
fines to be both time and velocity dependent. For a uniformly loaded pad, fines
removal was found to increase with increases in velocity. Permeation of a pad
at a given velocity resulted in large amounts of removal initially. The amount
decreased with time. The amount removed was found to fit an exponential decay
function with time.
Nelson (13) further considered the removal of bound particles in the
retention process. He represented removal by a detachment coefficient times
the bound particle concentration. The detachment process was supposed to
compete with the attachment process which is described by the collection
efficiency.
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Walkush (17) has found fines retention in a stirred tank to be by the
coflocculation mechanism. He also found fines retention to be readily reversible-
However, the fines system is not necessarily analogous to the titanium dioxide-
fiber system. The attractive forces should not be the same and the fines probably
do not react to fluid drag forces in the same manner as titanium dioxide, For
these reasons, it could be misleading to apply the results of one retention
system to another.
Studies of the retention of titanium dioxide on wood pulp by Williams and
Swanson (9) and Grace (12) have led to the postulation of removal in this system.
In some of their experiments, the retention rate was found to be zero while the
free particle concentration was not zero. Grace found that Nelson's method of
quantitatively describing removal with a constant detachment coefficient times
the bound particle concentration did not adequately describe his experimental
observations. This method predicted a removal rate that was too gradual in its
onset. The existence of a critical bound particle concentration was postulated
and removal was assumed negligible below this concentration.
Experimentally, the removal process is difficult to separate from the
attachment process. In the previous work with titanium dioxide, only the final
bound particle distributions were obtained. These distributions were the net
result of both processes. A need existed to study removal independently of
attachment. The initial objective in the present study was to investigate the
role of removal in the titanium dioxide-wood pulp system.
REMOVAL PROCESS
Bound particles are held to fiber surfaces by Van der Waals-London attractive
forces. In order for a bound particle to be removed, an additional force or
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forces of sufficient magnitude to overcome this attractive force must be applied.
Possible removal forces encountered by bound particles in the papermaking
process are fluid drag forces, changes in repulsive force due to changes in ionic
environment, forces due to surface tension effects when an air-water interface
is drawn through the sheet, and possible shear forces due to relative fiber motion
during mat compression. Removal by surface tension was not investigated in this
study. Care was taken to minimize any removal effects it may have. Removal due
to relative fiber motion was also not studied explicitly. Increases in fluid
drag forces are accompanied by mat compression where small amounts of relative
fiber motion may occur. Any removal effects due to this mechanism were lumped
under the effects of fluid drag forces.
Changes in colloidal environment can result in changes in the magnitude
of the repulsive force experienced by a bound particle. However, a fluid drag
force is usually additionally required to redisperse a flocculated system. This
would lead to a removal rate with the contribution from the repulsive force
being a significant part of the total removal force.
REMOVAL STUDIES
VISUAL OBSERVATIONS
Microscopic observations were made on wood pulp fibers being permeated
with a titanium dioxide suspension. It was observed and recorded on film 1 that
once a single particle became attached to the fiber it was rarely removed. Little
individual particle removal was observed when the flow past a fiber was increased
by as much as an order of magnitude (i.e., 0.3 to 3.0 cm./sec.). The major
'Available at The Institute of Paper Chemistry.
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type of removal observed was that of pieces of the fiber with its titanium
dioxide attached sloughing off. This removal occurred at fibrils and on
sections of the fiber wall. Some sections of a fiber could become heavily
laden with retained particles and experience no removal, while other sections
would lose several areas of fibril or fiber wall and its attached titanium
dioxide. A step change in the permeation velocity would normally result in
the loss of a few fiber fragments and continued permeation at a given velocity
resulted in very little additional removal. The fiber fragments which were
removed varied in size, but all were quite large compared to an individual
titanium dioxide particle.
Based on these visual observations, the weakest link in the system appeared
to be the fiber itself. The individual titanium dioxide-fiber bond seemed to be
strong enough to withstand the shear levels present. From the observed particle
size, it would be expected that a large portion of the fiber fragments which
were removed would be recaptured by a sieving mechanism in the fiber layers
below the layer at which the removal occurred. The net result in a continuous
forming process such as a constant-rate filtration would be a shift in the bound
particle distribution toward the septum.
FILTRATION EXPERIMENTS
The visual observations suggested that removal was a relatively minor effect
in the titanium dioxide-wood pulp system. However, it was difficult to make
quantitative statements concerning removal from the visual data alone. Accordingly,
additional experiments were performed to obtain quantitative data. These
essentially followed the method of Han and Chang by permeating a loaded pad
with a particle-free fluid.
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In order to study the effects of hydrodynamic and colloidal variables on
the removal process, a reproducible method of obtaining pads with a known bound
particle distribution was needed. The analytical techniques for determining
bound particle distribution required destruction of the pads. Hence, a comparative
method of studying removal had to be used as there was no way to determine bound
particle distributions before and after treatment on a single pad. It was found
(see Fig. 4) that two pads formed from the same suspension .had bound particle
distributions which were identical within experimental error. This fact allowed
the removal process to be investigated independently of the attachment process.
One pad could be formed and used as the control. A second pad would then be
formed from the same suspension under identical conditions and then treated in
various ways to try to remove the bound particles. Both pads could then be
analyzed for titanium dioxide content. The difference in the amount of titanium
dioxide between the two pads would be the amount removed. The data for the
removal experiments are given in Appendix V.
With the major mechanism of removal clarified by the visual observations,
constant-rate filtrations as described above were performed to determine to
what extent this mechanism operated. The first removal experiment consisted of
forming two pads using the highly classified Type 1 pulp. The experiment was
carried out at pH 2.8, which was previously shown to provide good flocculating
conditions. The forming velocity was 1 cm. per sec. The first pad was formed
and removed from the system. The second pad was formed, and without interruption
of the flow it was permeated an additional 10 minutes at 1 cm. per sec. with
water. The water used during the permeation was at the same pH as the original
suspension. The changing of the flow was accomplished by simply switching to a
tank containing the permeating fluid. The results are shown in Fig. 5. As can
be seen, there is no significant difference between the two distribution curves.
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By permeating at the same velocity as formation, the fluid drag forces in
the pad were not raised appreciably over the shear levels present during formation.
The pressure drop over the pad did not increase significantly during the permeation;
therefore, the particles did not experience any large increase in drag forces.
The forces were approximately the same as when the particles were originally
retained. Hence, no removal was observed.
The visual observations had shown that the major loss mechanism was due to
the loss of fiber fragments with the titanium dioxide attached. Based on the
results of the above experiment, it appeared that very few fiber fragments were
generated during the permeation of the Type 1 pulp. The next experiment was
designed to see if removal occurred in a pad that had fiber fragments present.
A Type 3 pulp which was not classified was used. Williams (14) had shown in
stirred tank experiments that titanium dioxide became attached to fines as well
as to fibers. Therefore, the fines present in the Type 3 pulp could retain
titanium dioxide during the mixing period prior to pad formation and during pad
formation itself.
This second experiment was performed, using the Type 3 pulp, with the
conditions the same as in Experiment 1. The results are shown in Fig. 6. A
comparison of Fig. 6 with Fig. 5 shows that the bound particle distribution rises
much more rapidly with the Type 3 pulp. This is due to the higher surface area
of the Type 3 pulp. Williams (14) has investigated the effects of surface area
on retention. He found an approximately linear relationship between the amount
of retention and the hydrodynamic surface area of the pulp. An increase in
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The difference in the amount of retention between the treated and control
pads in Fig. 6 is within the experimental error.
Even though fiber fragments were present in this experiment, the amount
of removal was insignificant. As in the first experiment, the permeation was
carried out at the same velocity as the pad formation. Thus, the fluid drag
forces in the removal test were similar to those which particles and fragments
experienced during formation. The particles and fragments were not subjected
to any forces which they had not previously experienced during formation. This
explains the lack of removal. Another aspect has to do with the migration of
fragments through the pad and the possibility of sieving. These experiments
do not differentiate between complete lack of removal and an inability to
migrate significant distances through the pad.
The third removal experiment was designed to increase the shear level
caused by the fluid drag forces on the bound particles at a constant filtration
velocity. This would correspond more nearly to the actual increase in shear
experienced by the particles during pad formation. This run was carried out
at pH 3 using a Type 3 pulp.
The control pad (P-6) was formed at a velocity of 1 cm./sec. until a
pressure drop across the pad of approximately 6 p.s.i. was achieved. The second
pad (P-7) was formed in exactly the same manner. When the pressure drop across
this pad reached 6 p.s.i., the feed was changed to a suspension of particle-free
fibers at the same pH as the particle-fiber suspension. This was done without
interruption or increase of flow. The filtration was continued until the
pressure drop was approximately 14.5 p.s.i.
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Pad P-7 had a pressure history exactly like that of Pad P-6 during the
particle-fiber phase, and then, due to fibers only, the pressure drop was gradually
increased to double that of Pad P-6.
The particle-free fibers were a mixture of the sulfite fibers and nylon
fibers which had been dyed black. It was thus possible to distinguish the
original upper boundary of Pad P-7. The fiber-only portion of Pad P-7 was
removed and discarded. The pads were then split and analyzed as usual. The
results are shown in Fig. 7. Again, there is no significant amount of removal.
The increase in shear level in the section of the treated pad containing
particles was related to the compressibility of the pulp. As the permeation with
the particle-free fibers continued, the lower section of the pad was in continu-
ously increasing states of compression. This increasing state of compression
resulted in decreasing porosity and increasing shear levels at the constant
filtration velocity. It would be expected that the increases in shear would
enhance removal of fiber fragments due to the increase in fluid drag forces-
Decreasing porosity, however, should enhance the chances of having the fiber
fragments remain in the pad by sieving. It must be concluded that in this
constant-rate filtration the shear level increases were not of sufficient magni-
tude to remove any additional fiber fragments, or if removed, they did not
migrate because of their size.
The fourth removal experiment was designed to increase the shear level
in the pad by a step change rather than gradual change as described above: The
Type 3 pulp was used in the experiment at pH 2.8. Both pads were formed at a
velocity of 1 cm./sec. At the end of Pad P-9 formation, the feed was changed
from the particle-fiber suspension to water only at the-same pH. Simultaneously,
the flow rate was upped to 2 cm./sec. and the pad compressed significantly. The
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permeation at 2 cm./sec. was continued for six minutes. The pads were then
removed and analyzed for titanium dioxide content. The results are shown in
Fig. 8. Within experimental error, the distributions are the same.
The increase in shear level in this pad was quite large. The permeation
velocity was double that of the formation velocity. In addition to this increase,
there was the increase due to the accompanying change in the state of compression
of the pad. As discussed in the visual observations, step changes in shear
usually resulted in the loss of fiber fragments from the fiber. In this
experiment, this should have occurred also. In addition, there were fiber
fragments initially present due to the use of the Type 3 pulp. Obviously, the
step increase did not result in any significant loss or redistribution of these
fragments.
The final phase of the removal studies consisted of an experiment to
determine if changes in colloidal environment had any effect on the removal of
bound particles. In removal Experiment 5, the highly classified Type 1 pulp was
used. The pH of the suspension was set at 3. A control pad was formed at
1 cm./sec. and removed. A second pad was formed at 1 cm./sec. and, without
interruption of flow, was permeated an additional 10 minutes with distilled
water at pH 6.8. The results are shown in Fig. 9. Significant amounts of
titanium dioxide were lost by each layer in the second pad. Visual observations
of the effluent during the permeation with distilled water showed the particles
being removed to be fairly well dispersed. There appeared to be little or no
pulp fines associated with them. Initially, the turbidity of the effluent was
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Each layer in Pad P-ll, the permeated pad, lost approximately 60% of its
retained particles. This uniform loss indicated that, once the particles are
removed, they are not recaptured. If the removed particles were recaptured, the
distributions would not be expected to be similar in shape. The distribution in
the permeated pad would probably show more net loss in the upper layers then in
the lower layers.
This phenomenon is not unknown in colloidal chemistry. It is called
repeptization (18). The ease with which a flocculated system can be redispersed
by a change to nonflocculating conditions depends on the magnitude of the shear
force and the ion used in initially flocculating the system. Systems flocculated
by the use of multivalent ions are more difficult to redisperse than if the
systems were flocculated by monovalent ions. This behavior is at least partially
due to the difficulty of expelling the polyvalent ions from the double layer
(greater adsorbability). Changes in the quantity of potential determining ions
also lead to repeptization.
The action which leads to repeptization is visualized as the restoring
of the repulsive potential to the flocculated particles. When a condition is
reached where the repulsive force and the fluid drag force exceed the attractive
force, the particles will redisperse.
In this experiment, the change in the hydrogen ion concentration would
result in a change in the repulsive potential. The higher repulsive potential
in the presence of the fluid drag force was obviously sufficient to overcome
the attractive force and lead to a large amount of removal. It was felt that
continued permeation with distilled water would have resulted in the loss of
even more particles than observed in Fig. 9. However, complete removal of the
particles in the treated pad would probably be impossible due to the following
reasons. First, it must be assumed that the fiber surface, due to its non-
homogeneous nature, is composed of a distribution of attractive potential
sites making some particles hold to the surface more strongly than others-
It must also be kept in mind that the magnitude of the fluid drag force on a
particle depends on its location on the fiber and the fiber's location within
the pad. Some particles are also retained by mechanical entrapment; therefore,
retained independently of the colloidal forces. The particles remaining in
the pad after permeation could be there for any of the above reasons or
combinations of them.
An additional experiment of this type was performed using the rayon
fibers. The details of the experiment and results are given in Appendix IX-
Little or no removal was observed when a duplicate pad was permeated with
distilled water at pH 6.3 for 10 minutes. The retention behavior of the rayon
fibers under a variety of colloidal conditions was not investigated, A
satisfactory explanation of this observation cannot be given, but possible
reasons for this behavior are discussed in Appendix IX.
REMOVAL SUMMARY
Some particle removal was achieved during the permeation in Experiments
1 through 4 as evidenced by visual observations of the effluent. The majority
of the removal seen in the effluent probably occurred immediately at the septum-
These amounts were quite small and were undetectable in the distribution curves
The microscopic observations had shown that individual particle removal
was quite small. Retention of single particles could be considered irreversible
This fact was specifically substantiated by Experiment 1. The Type I pulp used
in this experiment was relatively undamaged and free of fiber fragments. Permea-
tion at the same velocity as formation showed no significant loss of particles-
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The microscopic visual observations also showed the major removal mechanism
was the loss of fiber fragments with attached particles. In Experiments 2 through
4, the Type 3 pulp was used. This pulp had received treatment designed to increase
the amount of loss due to fiber fragments. The permeation techniques were designed
to test for removal at three different shear conditions. In Experiment 2, the
shear level during permeation was the same as formation and the pad structure
did not appreciably change. The pad in Experiment 3 experienced a continuous
increase in shear and a continuous increase in the state of compression. The
pad in Experiment 4 had a step change in shear and a step change in the state of
compression. No significant loss or redistribution of titanium dioxide could
be detected in the experiments.
The removal observed in Experiment 5 could be explained in terms of
repeptization. This removal mechanism will not be operating in experiments
carried out in a fixed colloidal condition. It was, therefore, concluded
that distributions obtained at fixed colloidal conditions were primarily






As discussed earlier, quantitative treatment of the retention process
has been based on the application of conservation of mass to a particular reten-
tion system. From the particle distribution curves that result, the retention
process can be described in terms of a collection efficiency or an effective rate
constant. In the absence of removal, the retention rate is essentially the same
as the attachment rate.
The accepted method of treating the attachment process has been to assume
that the collection efficiency was composed of two parts. The first part was
visualized as the transport of the particles to the fiber surface. The second
part was the adhering of the particle to the fiber surface. Particle transport
or collision probability has been considered a function of the hydrodynamics
of the system, while the probability of the particle adhering to the surface of
the fiber has been considered a function of the colloidal state of the system-
The pattern of the investigators has been to fix colloidal variables and
study the effects of hydrodynamic variables. The converse approach has also
been used. That is, fix hydrodynamic variables and study the effects of
changing colloidal variables. Attempts have been made to correlate changes




The relationship between hydrodynamic variables and particle transport
can best be discussed by descriptions of the transport mechanisms important in
the titanium dioxide-fiber system. These are interception, impaction, and
diffusion.
Interception is simply a means by which the particles contact a fiber
surface due to their size. When a fluid flows past an object, the streamlines
begin to curve around the object at an appreciable distance upstream. The
interception mechanism assumes that the particles follow the streamlines.
The particles will collide with the object if the streamline containing the
center of the particle passes less than one half the diameter of the particle
away from the surface of the fiber.
In the normal treatment of interception, the streamlines are taken as
those which would occur if no particles were present. The effect of particles
on the fluid motion is ignored. The probability of a collision is then
determined by geometrical considerations only.
The impaction mechanism of particle transport depends on particle density.
If the particle has a density greater than the fluid, its inertia will resist
the accelerations caused by the curving of fluid streamlines.
The inertia of the more massive particle will cause it to follow a less
curved trajectory than the fluid streamlines, and thus move more directly toward
the fiber. The particle will then be able to move across the streamlines and
have a greater probability of striking the fiber than when inertial forces are
negligible. In the normal treatment of impaction, the movement of particles
relative to fluid is taken to be resisted by viscous forces according to Stokes'
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law. A simple force balance of particle inertia and viscous resistance, super-
imposed on the unperturbed streamlines then gives the contribution by impaction!
Diffusion of particles is due to their Brownian motion. This motion
results from collisions with fluid molecules. Einstein (19) has shown that
the diffusion coefficient of a particle should be
D = kT/3ipd (11)
where
D = diffusion coefficient, cm.2/sec.,
k = Boltzmann's constant, 1.380 x 10-16ergs/°K,
T = absolute temperature, °K,
d = diameter of particle, cm., and
p = viscosity of fluid, g./cm. sec.
Brownian motion becomes more intense with smaller particles, in less
viscous fluids, and at higher temperatures. This random motion superimposed on
the fluid motion may result in a particle whose center was originally in a
streamline which would not pass close enough to a fiber for a collision to
occur, moving across the streamlines and colliding with the fiber. Of course,
it can also result in a particle whose center was originally on a streamline
which would pass closely enough for a collision to occur, moving across the
streamlines and not colliding. If no concentration gradients existed, there
would be no net effect of diffusion. However, concentration gradients do exist,
and diffusion can increase the probability of collisions. Quantitative treatment
of this mechanism is inherently more complicated than interception and impaction
because of the addition of a random process and the need to consider the
particle concentration gradients.
From the above discussion, it can be seen that the controlling transport
mechanism in a given retention system depends primarily on particle and fiber
size, particle density, and the velocity range. Statements regarding the con-
trolling transport mechanism have usually been based on examination of the response
of the collection efficiency to velocity changes. If diffusion is the controlling
mechanism, the collection efficiency would be expected to decrease with increasing
velocity. This is due to the fact that the particle is in the vicinity of the
fiber surface for a shorter period of time. If the particle is in the fiber
vicinity a shorter period of time, its motion due to Brownian diffusion becomes
small compared to its motion past the fiber. If impaction is the controlling
transport mechanism, the collection efficiency will increase with increases in
velocity. Increases in velocity result in increases in the inertia of the
particles, making it more favorable for the particle to cross streamlines and
collide with the fiber. The interception mechanism of particle transport is
unaffected by velocity changes provided the streamlines about the fibers do not
change significantly. This mechanism is more strongly dependent on particle size
than velocity. The collection efficiency should not change appreciably with
changes in velocity when interception is the mechanism of particle transport.
ADHESION PROCESS
The relationship between colloidal variables and adhesion of the particle
to the fiber surface is more obscure than the relationship between hydrodynamic
variables and the transport of the particle. Since a detailed knowledge of what
actually occurs at the fiber surface is not available, the adhesion step is
assumed to be described by a distribution function. Once the particle collides
with the fiber surface, it is visualized as either adhering or bouncing off,
depending on the colloidal forces operating at the site of collision. Adjustment
of the colloidal variables from poor to favorable flocculating conditions is
visualized as allowing more and more of the collisions to result in the
particles adhering to the surface.
Treatment of the attachment process as described above has led to the
concept of the collection efficiency being composed of a collision probability
and an adhesion probability. This has allowed for the separation of colloidal
and hydrodynamic effects. Utilizing the separate concept of collection effi-
ciency, Johnson (ll) and Han (10) have fixed the colloidal environment to
favorable flocculating conditions and have investigated the effects of hydro-
dynamic variables such as velocity, porosity, and fiber diameter on retention-
Based on the response observed in the collection efficiency to changes in
these variables, they have concluded that the attachment process is diffusion
controlled.
Williams and Swanson (9) have studied the effects of changing colloidal
environment at fixed hydrodynamic conditions. They found increases in the
amount of retention prior to and during pad formation as the repulsive barrier
was lowered. The observed collection efficiency was correlated with the amount
retained prior to pad formation and the amount retained during a filtration.
All of these investigators have pointed out the need to further understand
the interrelationship between colloidal and hydrodynamic forces acting in the
vicinity of the fiber surface. Han (10) describes the retention process in
the following manner, pointing out the need of further understanding of the
adhesion step:
"When small particles are suspended in a fluid, they are
subject to various forces which govern their motions relative to
the fluid, resulting in collisions with each other. If their
sizes are much smaller than 1 um. in diameter, the suspended
particles exhibit strong Brownian motion superimposed
on their movement with the fluid. By the kinetic theory
Brownian motion represents a diffusional characteristic
of small particles.
"If solid boundaries or objects are placed in a field
of flow, the particles will also collide with the solids
primarily due to diffusion if the particle inertia is
negligible. The frequency of collision may be determined
from the particle concentration and diffusivity, the
geometry of the solids, and the flow pattern. On col-
lision they may adhere to or bounce off the solid surface.
Whether attachment or detachment will result depends on the
forces operating at the site of collision. In the absence
of repulsive forces, the particles tend to agglomerate with
each other or to adhere to a solid surface when they come
into close proximity where the Van der Waals-London
attractive forces are operating.
"In aqueous suspensions, the dispersion of hydrophobic
particles may be achieved by introducing certain electrolytes,
the ions of which tend to adsorb preferentially on the particle
surfaces. Owing to the necessity of electrostatic neutralization,
the charged particles will be surrounded by a'diffused layer'of
oppositely charged ions. The repulsive forces so created will
lessen the tendency toward particle flocculation even in a
concentrated suspension. In such a colloidal condition the
state of dispersion is a delicate balance between the attractive
and repulsive forces in the critical range of ionic concen-
trations.
"The adhesion of particles to fibers is not well under-
stood, but probably follows similar physicochemical laws.
In addition to the natural attractive forces and the imposed
repulsive forces, whether a small particle will or will not
adhere to a fiber on their close encounter is also dependent
on the hydrodynamic forces. At present, we are unable to
analyze the various forces acting at the sites of collision.
We merely assume that the probability of particle retention
exists in the a posteriori sense."
It was felt that an experimental program designed to investigate the effects
on retention of velocity changes over a range of colloidal conditions would
help in the understanding of the attachment process. The effects of velocity
under favorable flocculating conditions had been investigated and the effects
of colloidal environment at a fixed velocity had also been investigated, but
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velocity effects at colloidal conditions where significant repulsive forces
existed were unknown. Hence, there had been little speculation on the possible
effects of the kinetic energy of the particles or on the possible interaction
between the colloidal forces and hydrodynamic forces on collision probability.
COMPRESSIBILITY CONSIDERATIONS
In the derivation of the retention equations the porosity variable is
explicitly eliminated by changing the position coordinate, z, to the mass
coordinate, m. Thus, compressibility enters into consideration only in its
effect on the collection efficiency. In the absence of compressibility, the
hydrodynamic and colloidal states would be expected to be the same throughout
the pad. It has been shown by Williams and Swanson (9) and by Grace (12) that
E is not constant within a pad in the titanium dioxide-pulp system. Although
there was previous speculation that this behavior might be due to removal of
particles, the results of this work would indicate that removal is not the
explanation. It is most probable that variation in E within the pad is directly
associated with the compressibility of the pads.
Compressibility can affect the retention rate in a number of ways. In
a compressed pad, the porosity (or void space) is decreased, and contact between
fiber surfaces is increased. The possible consequences of these changes are
discussed below.
A porosity dependence on collection efficiency might be expected as the
porosity determines the closeness of approach of the particles to the fiber
surface. In a constant-rate filtration of compressible wood fibers, there is
no control over porosity. It is highest toward the top of the pad and decreases
toward the septum. If porosity has a pronounced effect on retention, the
collection efficiency should be expected to vary from top to bottom in the pad,
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Changes in porosity are accompanied by changes in the local velocity around
the fibers. This relationship is given by Equation (12), if the superficial




u = local velocity, cm./sec.,
U = superficial velocity, cm./sec., and
e = porosity.
Thus, not only will a compressible pad have a porosity distribution but also a
local velocity distribution. Changes in local velocity may also be expected to
affect the collection efficiency as the local velocity about the fibers should
affect the particle trajectories.
In writing the retention equations in terms of a collection efficiency,
it is necessary to introduce a term representing the fiber surface area
available for retention. In solving these equations, this area is normally
considered constant, and any effects due to changing surface area are lumped
into the collection efficiency. Since compression is brought about by fiber-to-
fiber contact, it would be expected that compression will decrease the available
surface exposed to particles and hence (from this standpoint) tend to decrease
the collection efficiency. There is very little known about the actual area
available for retention in a compressed pad. Han (10) used the projected
surface of the fibers in his determinations of E. Grace (12) used the hydro-
dynamic specific surface area. Nelson (13) defined an attenuation coefficient
involving (1 - e) as well as the projected area to account for surface not
exposed to fluid flow and thus not contributing to collection of particles.
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Neither Han nor Grace seriously considered variable area, and Nelson's general
equations have been too complex to solve. An attempt to quantitatively determine
the effect of compression on surface exposed to flow was made by Labrecque (20).
He used an optical technique on dry pads and found a linear relation between
the contact area and the degree of compression. It is not known if these
results are applicable to a wet system or if the area he measured is propor-
tional to the retention area. In summary, the effect of compressibility on
retention area is unknown, except that compression will decrease area to some
extent.
The state of compression is usually expressed as the pad density or mass
of fibers per unit pad volume. It is a function of the compacting load or
pressure drop across the pad. As the pressure drop across the pad increases,
the rate of compression of the pad increases. This relationship is given by:
c = MpN (13)
where
c = mat density, g./cm.3,
p = compacting load, dynes/cm. 2, and
M and N-= empirical constants.
The mat density is related to the porosity by the following equation:
c = (1 - C)/V (14)
where V = fiber specific swollen volume, cm. 3/g. From this equation and Equation
(12) the relationship between local velocity and mat density may be found.
From the above discussion, it can be seen that compressibility changes
can be determined from the load or pressure drop history of the pad. This
permits a first attempt at examining the effects of compression on the retention
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Motion pictures have been made of a single fiber being permeated by a
suspension of titanium dioxide particles. 1 Under good flocculating conditions,
the particles easily adhere to the fiber. As is well known, the wood pulp fiber
is quite fibrillated. In the wet state, these fibrils extend from the fiber
surface. As can be seen from the trajectories of the free particles, the
fibrils distort the streamlines about the basically cylindrical fiber. This
results in a very complex flow pattern about an individual fiber. As the
particles try to follow the streamlines about the fiber, some of them collide
with the fibrils and adhere to them. Many of the fibrils are not visible until
a titanium dioxide particle is attached to them. A large percentage of the
retained particles are mobile within certain limits due to their attachment to
fibrils. Fluctuation of the flow past the fiber causes the particles to "flop
back and forth" as if suspended from a string. During constant flow, fibrils
on the trailing edge of the fiber collect particles. They appear to be suspended
in the flow by an invisible thread. The fibrils vary in length from quite short
to some as long as a fiber diameter. The fibrils act as excellent collectors
and become heavily laden with particles. However, under good flocculating
conditions, the particles appear to adhere equally well to the actual fiber
surface, the extended fibrils, or onto other retained particles. There is
always a heavier build-up of particles on the leading edge of the fiber, but
retention is in general uniform.
Available at The Institute of Paper Chemistry.
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Shown in Fig. 10 are scanning electron micrographs of fibers removed from a-
pad formed under good flocculating conditions. In Fig. 10A, particles are seen
on the fibrils, the fiber body, and around the fiber pit at the right of the
micrograph. A surprising visual observation from the motion picture films was
the flow of particles down the lumen of the fiber. This internal flow is slow
compared to the external flow, but nevertheless real, It is seen as particles
flowing down the axis of the fiber while the major part of the flow is perpen-
dicular to this axis. The suspension probably entered through pit openings on
the leading edge of the fiber and exited through the pits on the trailing edge.
This probably explains the retention observed around the pits. Figure 10B also
shows retention on a section of a fiber. In the lower left of the micrograph a
large fibril may be seen. Figure 10C shows an enlargement of fibrils extended
from the fiber surface. In all the micrographs, the effects of particle-particle
flocculation is evidenced by the large clumps of particles.
Permeation of fibers with a suspension of titanium dioxide particles under
poor flocculating conditions resulted in very small amounts of retention. The
major part of this retention occurred on the larger fibrils. Particles were also
observed to strike the fiber surface, tumble around with no apparent affinity,
and enter the fluid stream again. However, the number of these events was
small.
The Brownian motion of the particles appeared small in comparison to
their motion due to the fluid velocity. The complexity of the flow pattern
about the fiber results in a tortuous path for the particles near the fiber to
follow. Particles in the streamlines close to the fiber seem to have a high
probability of colliding with either the fiber or a fibril. The effective
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diameter. From visual observations alone, it would be difficult to determine
whether the collision process was the result of Brownian diffusion, interception,
or impaction or whether the colloidal forces actually change particle tra-
jectories.
FILTRATION EXPERIMENTS
In order to help clarify the attachment process, the effects of two
different forming velocities over a range of pH's were investigated. Suspen-
sions were made which contained enough fiber and particles to form two pads.
The pH of the suspension was then adjusted with either HC1 or NaOH. Constant-
rate filtrations were carried out at forming velocities of both 1 and 2 cm./sec.
The results are shown in Fig. 11 through 17. The data are given in Appendix V.
It should be noted that the scale for the bound particle distributions in
Fig. 11 through 13 are one half the scale of Fig. 14 through 17.
Figure 11 shows the results of the filtration at pH 11.4 Overall retention
is very low and the bound particle distribution at a forming velocity of 2 cm./
sec. is only slightly higher than the bound particle distribution at 1 cm./sec.
Both distributions are slightly concave up.
As the pH is lowered to 10.1, the distributions change to those found in
Fig. 12. The bound particle distribution at 2 cm./sec. is now significantly
higher than at 1 cm./sec. Both distributions show upward curvature.
Further lowering of the pH to 5.9 does not-result in any significant
change in the distribution curves of either the 1 or 2-cm./sec. pads. These
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Figure 14 shows that at pH 5.0 the overall level of retention is again
increased. The distribution at 2 cm./sec. is still higher than at 1 cm./sec.
The difference between the amount retained at the two different velocities is
now not as large as before. The concavity of the distributions is also not as
pronounced. The curves are essentially linear.
At pH 4.5, the distributions as shown in Fig. 15 are the same. The level
of retention has again improved. The curvature of the distribution is now
the opposite of the distribution obtained at the higher pH's.
Figure 16 shows the distributions obtained at pH 4.0. The amount of
retention has improved. The distribution at 1 cm./sec. is now higher than
at 2 cm./sec. The shape of the distribution curves is similar to the curves
of Fig. 15.
As the pH is lowered to 3.5, the level of retention again increases as
shown in Fig. 17. The distribution obtained at 1 cm-/sec. is significantly
higher at 2 cm./sec.
Additional experiments were performed at pH's 12.0, 2.6, and 2.1. Various
problems were encountered at these extremes in pH. Briefly, at pH 12 the
fibers became quite swollen and gelatinous. The overall retention at this
pH was higher than the retention at pH 3.5. This is believed to be due to
significant amounts of mechanical entrapment on the fibers. At pH's 2.6 and
2.1, extensive fiber-fiber flocculation was encountered. This resulted in
poorly formed pads with levels of retention below those observed at pH 3.5.
The results of these filtrations are discussed in detail in Appendix X.
The amount retained at an arbitrary level of 3.5 g. of pulp accumulated
was calculated for each pad (pH 11.5 through pH 3.5). This quantity is simply
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the area under the distribution curve up to an accumulated mass of 3.5 g. This
amount of titanium dioxide was divided by the total amount of titanium dioxide
which had passed through the pad at this time. This quantity was defined as
the percent retention and is an indication of the extent of retention of the
system. The results are shown in Fig. 18.
The general shape of either the 1 or 2-cm./sec. curve is as predicted for
a hydrophobic colloid. That is, there appears to be a critical electrolyte
concentration range (pH 6.0 to pH 3.5) where the retention level rises rapidly.
This range is visualized as the region where the repulsive potential is
beginning to be "collapsed" by the addition of electrolytes. As the repulsive
potential is lowered, the level of retention increases significantly.
Hydrophobic colloid theory also predicts little flocculation in the regions
where the repulsive potential is high. Addition of electrolyte in this region
lowers the repulsive potential, but significant improvements in the amount of
flocculation do not occur until the critical level of electrolyte is reached.
The region (from pH 11.4 to pH 6.0) in Fig. 18 may be interpreted as the region
of high repulsive potentials.
After "collapse" of the repulsive potential, there should also be
another region where the amount of retention is independent of the electrolyte
concentration. This would correspond to the leveling off of the curves in
Fig. 18 as indicated by the dashed lines. However, extensive fiber-fiber floc-
culation was encountered during retention experiments at these low pH's. The
results were poorly formed pads with levels of retention below those observed
at pH 3.5. These data are discussed in Appendix X.
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The effect of pH on this system is more complex than the effect of a
neutral electrolyte such as NaCl. Webb (15) has extensively studied the
colloidal behavior 'of titanium dioxide, and Walkush (17) has investigated the
colloidal behavior of a pulp system. The hydrogen ion probably affects the
charge on both the titanium dioxide and pulp fibers by a combination of methods.
There are generally two accepted methods by which the repulsive potential may
be changed. These methods will be discussed briefly.
The repulsive potential may be changed by the addition of ions responsible
for the surface charge. These ions are called the potential determining ions.
If some of the surface charge of the titanium dioxide and pulp fibers is caused
by hydroxyl groups, or by carboxyl groups on the pulp fiber, the addition of
hydrogen ions would tend to lower the surface charge and lead to flocculation.
Conversely, the addition of hydroxyl ions would tend to increase the surface
charge and promote stability.
The repulsive potential may also be changed by the addition of counter-
ions. For example, on a negatively charged particle, the addition of sodium
ion tends to lower the repulsive potential to a point of "collapse" of the
double layer. This process also leads to flocculation of the particles.
The above discussion points out the difficulty in predicting the relative
magnitude of the repulsive potential over the wide pH range used. For example,
in order to raise the pH above that of the distilled water requires the
addition of NaOH. The effect of the hydroxyls should be to raise the negative
surface charge on the titanium dioxide and fibers, while the effect of the
sodium ion should aid in the "collapse" of the repulsive potential. Thus, in
the range of pH's from 7 upward, it is not possible to predict the net result
of adding the NaOH.
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The situation is less complex in the acidic regions of pH. Addition of
HC1 should result in a continuous lowering of the potential. The hydrogen
ion can act as both a potential-determining ion and a counter-ion in lowering
the repulsive potential. The results of Fig. 18 confirm this prediction.
Another problem involved with the pulp fibers is the possible chemical
attack in both highly acidic and highly basic media. This problem is not too
severe at the temperatures (17-20°C.) and contact times (1 hr. maximum)
involved in this series of experiments.
The region of particular interest for the purpose of this work is from
pH 6 to pH 3.5. The pulp is relatively stable at these pH's under the experi-
mental conditions.
Despite the above complications, it can be seen that either curve in
Fig. 18, taken separately, corresponds to a typical hydrophobic colloid response
to an electrolyte. However, the curves taken together show different effects
of velocity at different colloidal conditions. At pH's above 4.5, the bound
particle distributions are higher at forming velocities of 2 cm./sec. At pH's
below 4.5, the bound particle distributions are higher at forming velocities
of 1 cm./sec. The bound particle distributions are the same at pH 4.5. Thus,
if an attempt was made to determine the controlling mechanism of particle transport
by changes in velocity alone, different results would be obtained at different
pH's. The results of this series of experiments cannot be explained by a
collection efficiency composed of a collision probability and an adhesion prob-
ability. If this simplified concept of the attachment process were correct, the
ratio of the amount of retention at 1 and 2 cm./sec. forming velocity should be
a constant. For example, if the collection efficiency is expressed as E = aS
where a is the adhesion probability and B is the collision probability, then 8
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should be unaffected by changes in pH. The collection efficiency at 1 cm./sec.
forming velocity can be written as E1 = aj± 1, and at 2 cm./sec. as E2 = a2z 2.
The ratio of the collection efficiencies at any pH is then Ei/E2 = *1/B2. At
pH's above 4.5, this ratio is greater than 1. At pH 4.5, it is approximately 1,
and at pH's below 4.5, it is less than 1. The fact that the ratio of the
collection efficiencies is not a constant shows a need for a better model of
the attachment process. The discussion which follows provides a more detailed
consideration of possible events leading to attachment.
DETAILED CONSIDERATION OF ATTACHMENT PROCESS
Energy Interactions
Figure 19 taken from Kruyt (18) shows a typical series of curves which
represents schematically the energy of interaction between colloidal particles.
Curves 1 through 3 represent the net energy of interactions as the repulsive
potential is lowered.
These curves are the net result of adding the repulsive potential due to
the charge on the particles and the attractive potential due to Van der Waals-
London forces. Examination of the curves shows a minimum in the interaction
depicted by the letter R. The curves are seen to rise rapidly at distances
smaller than the distance at R. This abrupt rise in repulsive potential is
visualized as arising from the overlap of electronic clouds and is termed the
Born repulsion. The Born repulsion is important in preventing the net attractive
energy from becoming infinitely large near the surface. Due to this repulsion,
there is a minimum in the potential curves denoted by R.
A retained particle may be defined in terms of these curves. A retained





Figure 19. A Series of Potential Curves Illustrating Schematically
the Energy of Interaction Between Colloidal Particles

























enough to prevent escape of the particle by thermal motion or fluid drag forces.
In the absence of fluid drag forces, the depth of the well needed to prevent
escape by the thermal motion of the particle is approximately equal to kT,
where k is the Boltzmann constant and T is the absolute temperature. When
fluid drag forces are present, the "well" must be somewhat deeper.
To begin the discussion of the possible events leading to attachment,
it is simplest to neglect any terms responsible for the dissipation of energy
in the system. The consequence of this will be considered later. For the
present, consider a particle approaching a fiber which will interact according
to Curve 1 of Fig. 19. Curve 1 represents a system where the well is less than
kT in depth. Particles approaching the fiber would have to overcome a very large
repulsive potential to reach the well at R. If the particle should have this
much kinetic energy, it would not remain in the well as its thermal energy is
greater than the well depth. Very few particles should be retained in a system
under these colloidal conditions.
Curve 2 represents a system which should be capable of retaining some
particles. A net repulsive potential exists at the larger distances, but the
attractive potential predominates near the surface. The well is greater than
kT in depth, so particles should be difficult to remove once they are in. For
a particle to get into the "well," it must get over the energy "hill" designated
by the letter q in Fig. 19. Under colloidal conditions such as this, the kinetic
energy of the particle becomes very important. If the kinetic energy of the
particle is large enough, it should be able to cross over the energy "hill"
and proceed toward the "well." Conversely, if the particle does not possess
enough kinetic energy to cross the "hill," no retention is possible.
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If the approach velocity is denoted by V , then the criteria for the
particle to "cross" the repulsive barrier may be expressed as
1/2 m V 2 > Q (15)
where m = mass of particle. This may be considered the lower limit of kinetic
-P
energy for retention to occur under any colloidal conditions.
There is another aspect of particle kinetic energy which must also be
considered. If there is no energy dissipation in the system, particles which
cross the repulsive barrier will continue a course into the "well" and then back
out again due to the Born repulsion. In this situation, there would be no
retention regardless of the height of the hill or the depth of the well. Due
to conservation of energy, there would be only conversion of potential energy'
and kinetic energy and a particle with sufficient energy to cross the barrier
from one side would have the same ability to return. In order for retention
to take place, some of the kinetic energy of the particle must be dissipated
along its path. This dissipation can occur by a number of methods which are
discussed below.
The change in the kinetic energy of the particle due to the presence of
the potential field is resisted by the fluid motion. Thus, some of the particle
energy is dissipated in overcoming the effects of the drag of the fluid. This
can be considered somewhat analogous to a frictional loss and is a velocity-
dependent term. Another method of energy dissipation is by an energy transfer
on collision. This phenomenon is analogous to a partially elastic collision.
In a partially elastic collision, there is a transfer of energy between the
elements of the colliding system.
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If a particle collides with the fiber surface, there should be some transfer
of energy from the particle to the fiber. This leaves the particle at a lower
energy level after -collision.
By these methods of energy dissipation, the kinetic energy of the particle
can be lowered a sufficient amount to result in the particle remaining in the
well. If the total energy dissipated is denoted by J, then the particle will
remain in the well if:
1/2 m V 2 - J < Q. (16)
po
A "bounce off" will occur if the kinetic energy of the particle,
1/2 m V 2 - J , is greater than the energy barrier, Q.
From the above discussion, the range of kinetic energies of the particles
for attachment to occur may be set. The limits are between Q and J + Q and
may be expressed by the following inequality:
J + Q > 1/2 m V02 > Q. (17)
Thus, if the kinetic energy of the particle is less than the height of the "hill,"
denoted by Q, the particles cannot cross the barrier. If the kinetic energy
of the particles is greater than Q, the particles can cross the barrier and
may be retained if the energy dissipation term, J, is large enough to prevent
the particle from returning across the barrier, Q. The particles will "bounce
/ off" if the kinetic energy is greater than J + .
Force Interactions
The above discussion has considered attachment from an energy point of
view. The influence of fluid motion is more readily handled in terms of forces.
Meyer (21) has considered the problem of the retention of small particles in the
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presence of a potential field. From a consideration of the forces acting on the
particles, he has suggested an equation relating the net force on the particle to
the colloidal forces and the fluid drag forces. This equation is useful in that
it vividly points out the interrelationships between colloidal forces and hydro-
dynamic forces in determining particle trajectories, A discussion of his inter-
pretation of the problem and the presentation of his equation will help in further
clarifying the complexity of the attachment process.
Figure 20 depicts a single idealized fiber being permeated by a suspension
of particles. It is assumed that the colloidal forces acting on the particle
are of a central force type and that the direction of the force is that of a
radius vector connecting the centers of the particle and the center of a
circular-cross-section fiber. The effect of the fluid drag forces are assumed
to be described by Stokes Law.
The particles in the fluid in the region near the fiber experience
accelerations as a result of forces acting upon them which distract them from
the streamlines they would follow if they were free of mass and in a nonperturbing
environment. As a consequence of the colloidal forces, the particle trajectories
may be affected. An attempt to describe the interplay of the various forces on
the particle requires a knowledge of the streamlines about the fiber. This
would describe the path of a massless particle in the absence of colloidal forces.
Streamlines about fibers of cylindrical shape can be described. In this
discussion, the symbol V_ will be used to describe the unperturbed field of
velocities about the fibers and will be assumed the path of the particle if no
other forces act.
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Figure 20. Pictorial Representation of Particle in
Vicinity of Cylindrical Fiber Being Acted
upon by Colloidal and Hydrodynamic Forces
/»
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The motion of an individual particle of mass m, located at position vector
r, can be described by a particle velocity V , wnich is the time derivative
of the position vector, or
V = dr/dt. (18)
From an equation of motion governing V , particle trajectories can be computed,
Newton's second law, applied to the particle, gives this equation of motion:
d (mp) = F. (19)
This equation is perfectly general; however, problems arise when a complete
description of F is attempted. F is composed of the attractive forces, the
electrostatic repulsive force, the Born repulsion, and all the dissipative
forces in the system such as the fluid drag forces and the forces responsible
for energy transferred during a collision. Mathematical descriptions of all
these forces are not available as the actual interactions of colloidal particles
on contact are not themselves completely understood. Meyer has chosen to
include in his model of F a generalized expression for the colloidal forces
of the following form:
4 4 q f.
F 1 = r E - dn (20)
i=l (r - a - -) i
where F1 is the sum of the colloidal forces acting on the system; f. and n.
are parameters to be determined from experimental data. The parameter f. is
associated with such things as the surface charges, the conductivity of the fluid,
and the Hamaker constant (22), utilized in describing attractive forces.
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Meyer visualized the above colloidal forces being resisted by the fluid
drag forces having the following form:
F2 = 3rd(Vf + Vp). (21)
The fluid drag force is the only dissipative term included in this model. The
total force on the particle, F, may then be written as the sum of the above
forces, F1 and _.
i f. 
F=r EZ d- + 3rJ3d(Vf+ V ). (22)
i=l (r - a - -)
This treatment is important in that it points out the interrelationship
between the colloidal forces and the hydrodynamic forces in determining particle
trajectories. The treatment from energy considerations has pointed out the
importance of both colloidal and hydrodynamic factors in determining if the
particle will adhere to a surface or "bounce off." The observed retention in
any system whose primary retention mechanism is coflocculation will be the result
of the complex interplay of these colloidal and hydrodynamic factors.
System Nonideality
All of the discussion of the attachment process thus far has been based
on an ideal system. Recognition must now be made of the "nonideality" of the
wood pulp fiber system.
To begin with, the wood pulp is far from being an ideal, smooth,
cylindrical fiber. The visual observations have shown the fibrillar nature
of the surface. These fibrils stick out from the fiber surface in all directions
and are of various lengths. They appear to be very effective collectors of
particles. Due to these fibrils, flow patterns about the wood pulp fiber are
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extremely complex and would vary considerably along the fiber axis. There is
certainly a local velocity distribution about an individual fiber being permeated
at a constant superficial velocity. Thus, even when forming pads at a constant
superficial velocity, a rather large distribution of local velocities would be
expected.
In addition to the geometrical nonideality of the wood pulp fiber, there
is also a surface nonideality. Surface irregularities on the wood pulp may
arise from variations in the order of the surface. Theories on the structure
of the cellulose fiber consider it to be composed of regions of high order
(crystalline regions) and low order (amorphous regions). Surface irregularities
may also arise from variations in the chemical composition of the surface. The
presence of polymers other than cellulose are to be expected as wood pulp fibers
contain varying amounts of hemicellulose polymers.' The chemical treatments of
pulping and bleaching also alter the surface of the fiber causing the formation
of carboxyl groups The result of these surface irregularities should be a
distribution of both attractive and repulsive energy sites on the fiber.
From these considerations, it may be concluded that the kinetic energies
of the particles passing through a fiber pad are distributed about some mean
kinetic energy. The distribution arises from the velocity distribution and also
from the particle size distribution. The shape of the kinetic energy distribution
and the width of the distribution are unknown. However, there should exist some
mean kinetic energy which is somehow related to the filtration velocity. Thus,
the mean kinetic energy of the particles at a filtration velocity of 2 cm./sec.
should be higher than the mean kinetic energy of particles at a filtration
velocity of 1 cm./sec. In addition to the kinetic energy distribution, there
is probably the energy site distribution due to variations in the fiber surface.
These two distributions should be important in determining the amount of retention.
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The attachment process has now been considered in some detail. It is not
certain just how important some of the concepts discussed are. However, the
results shown in Fig. 18 do indicate an interrelationship between the colloidal
and the hydrodynamic variables. The above discussion has considered several
possible methods in which these variables could interact. Some of these con-
cepts can be used to qualitatively explain the results of Fig. 18.
APPLICATION OF CONCEPTS TO EXPERIMENTAL RESULTS
From pH 6 to pH 3.5, it can be safely assumed that the repulsive potential
of the system is being lowered. As the repulsive potential is lowered, the
amount of retention should increase as predicted from hydrophobic colloid theory.
This increase is observed for both formation velocities as shown in Fig. 18.
According to the concepts previously discussed, when a relatively large
repulsive potential is present, only the particles with sufficient kinetic energy
to cross this barrier may be retained. Once the particle crosses this barrier,
a sufficient amount of its kinetic energy must be dissipated to prevent a "bounce
off" and the "well" must be of sufficient depth to prevent its escape by thermal
motion and fluid drag forces. At pH's above 4.5, more of the particles at a
formation velocity of 2 cm./sec. appear to fit this criterion.
Meyer's force balance can also be used to predict this same result. If
the generalized expression for the colloidal forces includes a large repulsive
term, then the majority of the particles should veer around the fiber. Only
those particles whose velocity, V , is of sufficient magnitude and in the proper
direction to overcome the repulsive force should be retained. Again, more of
the particles at a formation velocity of 2 cm./sec. should fit this criterion
when the repulsive force is large.
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As the repulsive force becomes smaller, it would be expected that more
particles at both 1 and 2 cm./sec. would meet the requirements for becoming
retained. This is observed. However, more particles are retained at 1 cm./sec.
than at 2 cm./sec. at low repulsive potentials. There could be several different
explanations for this. From energy considerations, there should be more "bounce
off" of the particles at the higher velocities.
For the particle to be retained, the "well" must be deep enough to prevent
its escape by thermal motion and fluid drag. The higher the velocity, the more
the fluid drag contributes to this escape mechanism requiring deeper wells
for attachment. However, this process has essentially been tested for in the
removal studies. It should be recalled that no removal was observed when pads
formed at 1 cm./sec. were permeated at 2 cm./sec. with fluid at the same
colloidal conditions as formation. Hence, this process does not appear to
contribute to the difference in the amount of retention at the low repulsive
potentials.
·A final reason for the observed lower retention at the higher forming
velocity under low repulsive potential could be related to geometrical differences
in the wood pulp fiber at different velocities. The fibrillar network on the
wood pulp fiber accounts for a large fraction of the retained particles. Changes
in this network could produce changes in the amount of retention. There could
be a distinct difference in the geometry of the fiber at 2 cm./sec- when compared
with 1 cm./sec. The fibrils, reacting to the fluid drag forces, are bent in the
direction of flow. This bending of the fibrils could result in a lower retention
area at the higher velocity and therefore lower amounts of retention.
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CONSIDERATION OF SIEVING EFFECTS
To complete the discussion on this series of experiments, attention must
be drawn to the fact that there is always some retention regardless of the
colloidal conditions. This could be because there are always some particles
which fit the criteria for becoming retained. With the aforementioned dis-
tributions of both velocity and retention sites, there may be some particles
which can become retained under a wide variety of conditions. Another pos-
sibility which must be considered is that of sieving. As discussed previously,
sieving is one of the mechanisms which could be operating in the retention of
fillers. The extent to which this mechanism operates depends primarily on
particle size and the three-dimensional network formed by the retention medium.
The extremely small size of the titanium dioxide particles used in this study
would make retention by sieving highly unfavorable. The large change in the
amount of retention due to changes in colloidal environment supports the
contention that coflocculation is the dominant retention mechanism. However,
some of the observed retention under poor flocculating conditions could be
due to sieving. In this series of experiments, the maximum amount of particles
which could be retained by sieving would be the minimum amount of retention
observed. For example, the results shown in Fig. 11 could be due to the
sieving mechanism. Since sieving is a function of the network formed by the
retention mechanism, it would be expected that more retention would occur at
the higher formation velocity because the pad is more highly compressed. As
can be seen in Fig. 11, the retention is slightly higher at 2 cm./sec. forming
velocity.
There is no way to be certain about the retention observed in Fig. 11
being due solely to sieving, but if it is, then a significant portion of the
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total retention observed in Fig. 12 and 13 could also be due to sieving. If
it is assumed that the retention observed in Fig. 11 is by a sieving mechanism,
and that this retention can be used as an approximation of the amount retained by
sieving in Fig. 12 and 13, then the amount retained by coflocculation can be
approximated by subtracting the result of Fig. 11 from Fig. 12 and 13.
This resulted in an approximately linear curve for these figures. The
upward concavity was essentially removed. It could therefore be speculated
that the upward concavity in Fig. 12 and 13 is the result of retention by both
sieving and coflocculation with the amount retained by sieving being a significant
portion of the total retention.
In the remainder of this series of experiments, retention by coflocculation
becomes the dominant mechanism. Under good flocculating conditions, the amount
retained by sieving becomes even more difficult to predict. This is because
the free particle concentration decreases rapidly, making the number of
particles reaching the lower sections of the pad much smaller than at poor
flocculating conditions. The amount retained by sieving under good flocculating
conditions is usually considered negligible. However, under favorable floccu-
lating conditions, there is a potential particle size increase due to flocculation
between the particles themselves. The extent to which "self" flocculation occurs
and its effect on the amount retained by sieving is not known.
Another possible reason for the upward concavity in Fig. 11, 12, and 13
could be due to the compressibility of the pulp pads. If increases in the
state of compression of the pad caused the retention rate by coflocculation to
increase more rapidly than the change in free particle concentration caused the
rate to decrease, then the retention rate would have an upward curvature. In
these three experiments, the retention is so low that the free particle
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concentration does not change appreciably from the beginning of the filtration
to the end. Hence, the compressibility effects on retention should be more
pronounced. Compressibility effects are considered in more detail in the next
section.
COMPRESSIBILITY EFFECTS ON ATTACHMENT
In a constant-rate filtration, the pad-forming process and the retention
process occur simultaneously. Constant-rate filtrations of compressible fibers
result in pads which vary in density from the upper surface to the septum. The
pad density is least at the surface and continuously increases toward the septum.
The extent to which the pad is compressed at any given amount of pulp accumulated
depends upon the pressure drop.
The change in the state of compression of a pad during a filtration results
in the local conditions at a given layer in the pad continuously changing. It
is to be expected that these changes should be reflected by changes in the
collection efficiency. The three local variables which should be of importance
to the collection efficiency are: pore size, local velocity, and retention area.
These variables, the changes they undergo during a constant-rate filtration, and
the consequences of the changes will be considered.
Pore Size
Pore size will be used to describe the size of the void space between
the fibers in the mat where the fluid and free particles can flow. The fibers
in the pad form a three-dimensional network, leaving pores with a potentially
definable size and geometry. Compression of the pad results in a decreasing
pore size. The effect of decreasing pore size should result in an increase in
the number of particles passing closer to the fiber surface. This action should
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lead to more collisions between the particles and fibers, thus increasing the
collection efficiency. When this is the dominant effect of compression, the
collection efficiency should increase with increasing amounts of pulp accumulated,
m.
Local Velocity
Local velocity was defined by Equation (12) which was discussed earlier.
Increasing states of compression result in increases in local velocity. There-
fore, the local velocity will increase from the top of the pad to the septum.
As seen in the preceding section, velocity effects are related to
1'
colloidal variables. At high repulsive potentials, more retention was observed
at the higher velocity. It would therefore be expected that increases in local
velocity at conditions where the repulsive potential is high would result in
increases in collection efficiency. At low repulsive potentials, it would be
expected that increases in local velocity would cause the collection efficiency
to decrease. If local velocity changes are the dominant effect of compression,
the collection efficiency may increase or decrease, depending on the colloidal
state of the system.
Retention Area
The retention area can be defined as the fiber surface area available for
retention. The visual observations have shown that the retention area is quite
complex and very important in the wood pulp fiber system. This is due to the
fibrillar nature of wood pulp fibers. There are two major problems involved
with this variable. The first problem is how to describe it in terms of
measurable areas such as the fiber projected area or the hydrodynamic surface
area. It is probably more closely related to the hydrodynamic surface area.
The second problem is that to date there is no way to predict how the retention
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area varies with the state of compression in the pad. The functional relation-
ship between retention area and compressibility could be quite complex. As
the pad is compressed, more fibers are brought into contact with each other.
This results in additional areas into which flow is denied; hence, less area
available for retention. The mechanisms of fiber deformation and contact in
compressible pads are not fully understood, making it impossible to be very
specific about changes in retention area. In general, it may be postulated
that retention area should decrease as the state of compression increases. If
loss of retention area is the dominant effect of compression, then the collection
efficiency should decrease with increasing pulp mass, m.
Determination of Collection Efficiency
The retention rate may be expressed in terms of the collection efficiency
in the following manner:
= ESpwUos(P - P'). (23)
The retention rate is also given by
= sp AU .d (24)
Therefore,
sp AUo d = ESp Uo(P -P') (25)
w o dm wo 00
or
A = ES(P - P'). (26)
dm 00oo
Rearranging,
ES = dP'/dm (27)
A/ P -P
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In the above equations, A is the cross-sectional area of the mat, which
is a constant; S is the fiber specific surface. This quantity should be
related to the retention area and has always been assumed a constant. These
terms will be lumped with the collection efficiency to give a pseudocollection
efficiency, E', which should be proportional to E.
E' = ES = dP'/dm (28)
A P P'
oo
Thus, dP'/dm is the slope of the bound particle distribution curve. (P - P ')
-00g -
is the free particle concentration. These quantities may be determined from the
bound particle distribution for any value of the mass of pulp accumulated, m.
This procedure allows the changes in the pseudocollection efficiency to be
determined throughout the pad. These changes should be interpretable in terms
of the compressibility effects discussed previously.
The major problem involved in this procedure is the accuracy with which
E' may be determined. This method of determining changes in the pseudocollection
efficiency has a great deal of uncertainty involved in its calculation due to
several reasons.
The first reason for the error is the uncertainty involved in the deter-
mination of the slope of the bound particle distribution curve, dP'/dm. In
determining this slope, problems are encountered near the top of the pad, m =
O. The initial value of the bound particle distribution, P , is obtained by
extrapolation of the curve to m = O. Many times, as in Fig. 6 and 7, the slope
is changing rapidly and the extrapolation is very difficult to make with
certainty. Thus, the slopes at the top of the pad are subject to considerable
error. The problem is reversed at the opposite end of the pad, the septum
end. Here the slope may be changing very slowly, as also seen in Fig. 6 and 7.
This small change in slope is also difficult to quantify.
The second reason for the error involved in E' has to do with the
uncertainty of the ratio of titanium dioxide to pulp added initially, P
-O
This quantity was determined by adding a slurry of titanium dioxide to 100
liters of an aqueous suspension of fibers. Inherent in this quantity is the
uncertainty in the concentration of the titanium dioxide slurry and the
uncertainty in the mass of pulp used in the filtration. This is essentially
a gravimetric procedure. The actual bound particle concentration, P', is
determined by a combination of a gravimetric and colorimetric procedure.
There is, therefore, an error involved in determining the two quantities by
two different methods. All of these errors have been lumped into the P 2'
-oo
error and it is estimated to be ± 5% based on calculated errors in pulp
weight and slurry concentration determinations by gravimetric and colorimetric
methods.
The error involved in P can result in a significant error in E' as P'
-oo -
approaches P . This occurs at the septum end of the pads. The values of E'
near the septum have the largest percent error involved in them.
In spite of the problems encountered in the calculation of E', it was
felt that some trends in the data could be established and the results
qualitatively explained. A complete discussion of the method of calculating
E' and the determining of the error involved in the calculation can be found in
Appendix VI.
Determination of the State of Compression
In order to investigate the effects of compressibility on collection
efficiency, a method was needed for determining the specific state of
compression of the pad at various amounts of pulp accumulated. This was
accomplished by applying the static compressibility function [Equation (13)]
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using the recorded pressure drop across the pad. The pressure was continuously
recorded during each filtration run. From this equation and the relationship
between mass of pulp accumulated, m, and filtration time, t, it was possible
to determine the relationship between the state of compression of the pad, c,
and the mass of pulp accumulated, m. Details of this procedure are given in
Appendix VII.
RESULTS AND DISCUSSION OF COMPRESSIBILITY EFFECTS
Figures 21 and 22 show the calculated values of the pseudocollection
efficiency for the pads formed from the Type 2 pulp at both 1 and 2 cm./sec.
The details of the calculation can be found in Appendix VI. The estimated
error in the pseudocollection efficiency is also shown in the figures. As
previously discussed, the range of uncertainty can be large. Most of it
occurs due to the uncertainty in the initial ratio of titanium dioxide to
pulp, P .
--oo
The approximate states of compressions are also given in the figures.
A discussion of the compressibility determinations can be found in Appendix VII.
Due to the large uncertainty in the pseudocollection efficiency, E', the
results shown in these figures are not amenable to definitive quantitative
treatment, and in some instances are only indicative of trends. The interpreta-
tion of these results is based on the assumption that the pseudocollection
efficiency can be dominated by different local variables at different states
of compression.
As seen in Fig. 21, the pseudocollection efficiency increases through-
out these four pads. The. changes in local variables in these pads are not as
pronounced as the changes of the local variables in the pads formed at 2 cm./sec.
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STATE OF COMPRESSION (c), g./cm3
0.032 0.052 0.068 0.080
PULP ACCUMULATED (m), g.
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Over the range of compression experienced by the l-cm./sec. pads, the local
velocity and retention area probably do not change appreciably. It is believed
that over the range of compression for these pads, an apparent decrease in pore
sizes is the dominant variable causing the pseudocollection efficiency to increase.
In Fig. 22, the pseudocollection efficiency continuously increases at pH's
5.0 and 4.5. At pH's 4.0 and 3.5, there is an increase of the pseudocollection
efficiency in the lower layers. The interpretation of this result is based on
the fact that the 2-cm./sec. pads have a larger range of compression than the
l-cm./sec. pads.
The initial increase in the pseudocollection efficiency for all of the pads
is interpreted similarly to the l-cm./sec. pads. That is, the dominance of the
pore size decreases on the pseudocollection efficiency. This increase occurs
over approximately the same range of compression as the l-cm./sec. pads
experienced.
The lower sections of the pad show continued increases in pseudocollection
efficiency at pH's 5.0 and 4.5 but decreases at pH's 4.0 and 3.5. It is believed
that over these ranges of compression the retention area decreases are beginning
to become significant. The difference in the results can be explained in the
following manner.
At pH's 5.0 and 4.5, a significant repulsive barrier exists. The amount
of retention is low and the rate should be controlled primarily by the ability
of the particle to cross the repulsive barrier. For this situation, both the
increase in local velocity and the decrease in pore size caused by the increasing
state of compression should tend to increase the pseudocollection efficiency.
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The decrease in retention area due to compression should tend to decrease the
pseudocollection efficiency. The observed result can be interpreted as, over
this range of compression, the decreasing pore size and increasing local
velocity have more effect in increasing the pseudocollection efficiency than
the decreasing retention area.
In contrast to the above situation is the system at pH's 4.0 and 3.5.
The repulsive potential is now low and the rate should be controlled less by
the colloidal state of the system. Increases in local velocity should now have
little or adverse effects on the retention rate. Therefore, at these higher
states of compression and under favorable flocculating conditions, both the
local velocity changes and the retention area changes are acting to decrease
the pseudocollection efficiency while only the pore size decrease is acting
to increase it. The observed result is interpreted as the dominance of the
local velocity and retention area causing the pseudocollection efficiency to
decrease.
In summary, it appears that at low states of compression the pore size
changes dominate the changes in pseudocollection efficiency causing it to
increase. At higher states of compression, the surface area decrease may
become the dominating variable causing the pseudocollection efficiency to
decrease. The local velocity changes may obscure the surface area effects under
poor flocculating conditions, or may aid the surface area effects under good
flocculating conditions.
A final look at compressibility effects may be obtained by examining the
pseudocollection efficiency of a Type 3 pulp used in the removal experiments.
At a given filtration velocity and mass of pulp, these pads will be at a much
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higher state of compression than the Type 2 pulp used above. This is due to the
treatment of the pulp in the British disintegrator.
Figure 23 shows the values of the pseudocollection efficiencies from the
distribution curves given in Fig. 6 and 7. The details of these filtrations
are given in the removal section. The pads were formed under good flocculating
conditions at l-cm./sec. forming velocity. The approximate states of compression
are also given in the figure. It should be noted that the state of compression
of these pads at l-g. accumulated pulp is higher than the state of compression
of the entire pads formed at 1 cm./sec. of the Type 2 pulp. This means that all
the compressibility changes observed in Fig. 21 are occurring in the extreme
top of these pads. Any initial increase in the pseudocollection efficiency
has been obscured because of the rapid increase in the state of compression
for these pads.
The observed decreases in the pseudocollection efficiences in these pads
are outside the range of the error limits and may be considered significant
changes. These decreases are in keeping with the interpretations for the
compressibility effects for the Type 2 pulp. The decreases in the pseudo-
collection efficiency may be attributed to the dominance of increases in local
velocity and decreases in retention area. Both of these variables should under-
go significant changes at these very high states of compression.
This section has presented evidence that the compressibility effects on
the pseudocollection efficiency are complex. The compressibility effect
depends on the colloidal state of the system and the range of compressibility
changes encountered in the pad. The pseudocollection efficiency was observed to
both increase and decrease with increasing states of compression. These changes
are interpretable in terms of the local variables - pore size, velocity, and
retention area.
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STATE OF COMPRESSION (c), g./cm3
PULP ACCUMULATED (m), g.
Figure 23. Pseudocollection Efficiencies for Pads Formed at













For this system at constant colloidal conditions and over the shear
ranges employed, no significant amounts of removal of bound particles were
observed. Microscopic observations showed that individual particle removal
was insignificant. These observations also showed that the major removal
mechanism was the loss of fiber fragments with particles attached. It was
concluded that the titanium dioxide-fiber bond was strong enough to withstand
the shear forces encountered in this study. These bonds appear to be stronger
than the bonds in certain sections of the fiber wall. Filtration experiments
were used to quantitatively test for particle removal. No significant loss or
redistribution of titanium dioxide could be determined in the experiments. Over
this limited range of experimental variables, the retention process can be
considered irreversible at constant colloidal conditions. The removal of bound
particles, however, was found to be sensitive to colloidal environment. By
restoring the repulsive potentials of the system, the particles were readily
removed from the fiber surface. This effect was attributed to the repeptization
phenomenon.
Visual observations of wood pulp fibers being permeated by suspensions of
titanium dioxide have also shown the complexity of the attachment process. The
fibrillar nature of the wood pulp fiber makes the flow patterns about it very
complex. These fibrils, which extend from the fiber surface, act as excellent
collectors of particles.
The previous concept of a collection efficiency composed of a separable
collision probability and adhesion probability has been found to be inadequate
in describing the attachment process for this system. An interrelationship
between the colloidal variables and hydrodynamic variables was proposed to
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explain this observation. The interrelationship was visualized as occurring
through the kinetic energy of the particles.
Variations in a defined pseudocollection efficiency within individual
pads were also observed. These variations were attributed to compressibility
effects. Depending on the colloidal conditions, the pseudocollection efficiency
increased with increasing compression at low states of compression and decreased
when the pad was highly compressed. The results could be qualitatively explained
by changes in local values of pore size, velocity, and retention area.
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NOMENCLATURE
A = area of pad, cm. 2
a = radius of fibers, cm.
c = state of compression or pad density, g./cm. 3
D = diffusion coefficient of a particle, cm.2/sec.
d = diameter of particles, cm.
E = collection efficiency
E' = pseudocollection efficiency, 1/g.
F = resultant force on particle, g./cm. sec.2
f. = parameter in general expression of colloidal forces
J = energy dissipation term, g. cm.2 /sec.2
K = rate constant, 1/sec.
k = Boltzmann's constant, 1.380 x 10-16 ergs/deg.
L = distance from septum to mat surface, cm.
M = empirical constant in compressibility equation
MT = total mass of fibers in pad, g.
m_ = fiber mass coordinate, cumulative from surface, g.
m. = mass of fibers in ith layer, g.
m = mass of particle, g.
N = empirical constant in compressibility equation
n.i = parameter in general expression of colloidal forces
P = free particle concentration, g. particles/g. fluid
P' = bound particle concentration, g. particles/g. fiber
P = free particle concentration in suspension
P ' = prepad retention; bound particle concentration in suspension
P = initial particle concentration, g. particles/g. fiber
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2 = pressure, dynes/cm,2
Q = maximum energy of interaction between colloidal particles,
g. cm.2 /sec. 2
R = minimum energy of interaction between colloidal particles,
g. cm. /sec. 2
r = distance between colloidal particles, cm.
S = fiber specific surface, cm.2 /g.
s = consistency, g. fibers/g. fluid
T = absolute temperature, ° K
T. = total mass of particles in ith layer, g.
T = total time of filtration, sec.
t = elapse time in filtration, sec.
U - forming velocity, cm./sec.
Uf = fiber superficial velocity, cm./sec.; fiber flux in suspension,
- cm./sec.
U = fluid superficial velocity, cm./sec./ fluid flux in suspension,
-- cm./sec.
u = local fluid velocity, cm./sec.
f = fluid streamline velocity about fiber, cm./sec.
V = particle velocity in vicinity of fiber, cm./sec.
V = approach velocity of particle to fiber, cm./sec.
W. = total mass of particles and fiber in ith layer, g.
Z = position coordinate from septum, cm.
= colloidal probability of particle adhering to fiber surface
= hydrodynamic probability of particle colliding with fiber surface
s = porosity in pad
E' = porosity in suspension
= fluid viscosity, g./cm. sec.
pf = fiber density, g./cm. 3
p = fluid density, g./cm. 3
TI = slope of bound particle distribution curve
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APPENDIX I
DERIVATION OF RETENTION EQUATIONS
The following is a derivation of the general retention equations adapted
from the method used by Grace (12).
Assume that a fiber mat is being formed on a supporting septum from a
system consisting of fibers, particles, and water. A spatial coordinate, z,
can be defined with its origin at the septum. The mat grows in the plus z
direction. The process is assumed homogeneous in the other two space directions.
The retention rate, $, can be defined as the net mass rate of particles
becoming bound per unit mass of fibers. The dimensions of ( are mass of
particles/(time x mass of fiber), or time". With the retention rate describing
the interchange between free and bound particles, differential material balances
for fiber, water, free particles, and bound particles can be formulated.
Application of the principle of conservation of mass to an incremental
thickness of the mat results in the following equations.
-pfur = a Pf(l - e) (29)
a P u =a C (30)az ww at w
W = a P + P(1 - (31)
atz ? P' = at P (1 - E)P' - pf(1 (32)Z f f atf
where
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p = fiber density,
Pw = fluid density (water),
Uf = superficial fiber velocity,
U = superficial fluid velocity,
-w
E = interfiber porosity,
P = free particle concentration, mass/mass,
P' = bound particle concentration, mass/mass,
= retention rate,
t = time, and
z = position up from septum.
Equation (29) can be substituted into Equation (32) to yield
PfUf a = p f(l - a) -p-f(l - ) (33)
and Equation (30) can be substituted into Equation (31) to give
PwU a- = PI D+ Pf(1 - E) (34)
If the two densities are constant (a reasonable assumption), Equations (29) and
(30) can be combined to yield
(Uw + Uf) 0 (35)
with the solution,
U + Uf = U (t). (36)
o
U can be interpreted to be the forming velocity and is at most a function of
-o
time.
Since fiber mats are in general compressible (c not constant), a fixed
coordinate system is not very useful since it does not correspond to a specific
layer in the mat. It is desirable to transform the retention equation to a
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coordinate system based on the mat itself. Nelson (13) has developed a
convenient coordinate system based on the cumulative mass of fiber from the
upper surface of the mat. This coordinate, m, is defined in the following
manner:
L L z
m = pfAf (1 - E)dz' = PfA{of(1 - E)dz' - fo(1 - E)dz'} (37)
where L(t) is the thickness of the mat at time t, and A is the area of the mat.
In order to transform the continuity equations from z-t coordinate system
to the m-t coordinate system, the following transformation relations are required:
- (X2) - = -Pf(1 - )A (38)TZ d 9 dm f (38m
at \T M 9z 3m
An overall fiber balance on the mat is used to determine the quantities
within the brackets of Equation (39).
The fiber consistency, s, is defined as the mass of fiber per unit mass
of fluid in the suspension. The fiber flux in the suspension is
PfUf' = sPwUw' (40)
If it is assumed that the suspension flows without slip, the porosity in the
suspension is given by
U' U' V V Pf
£' = - =1 - -,- = (41)
Uo U Pf 
+ sw
and the fiber flux in the suspension is
sP wPf U°
PfU = --f J o. (42)Pf f P= f + sP
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To be perfectly rigorous, the suspension fiber flux which should be used
in the overall fiber balance is the flux relative to the surface of the mat.
In that case, U is replaced in Equation (42) by U + (dL/dt). However,
dL/dt cannot be determined without a detailed knowledge of the porosity in the
mat. For any reasonable suspension consistency, dL_/dt will be very small
compared to U , and can thus be neglected.
The overall fiber balance on the mat is
-SP - dt Pf(l - E)dz. (43)
Pf + spw PfUf a
Substituting (43) into Equation (39) yields
-mm+ -.
-̂ [-fA l l ?- U a + at.(44)at Pf + sp am at
Transforming Equations (33) and (34) gives
-2 fappUf 1P'
-pf2 U(l-eA 2 ()A a A w - a + p(l- (5)
f+s Pw 3 m f c-) aa f(l-t) (4f)
a I `worp 3P 3P
-PwUwPf( 1 - E)A = PvwPf A - f ap + W a + Pf(l . (46)
3PwUW m w 1 Uf + at f
Rearranging Equations (45) and (46) gives
UA e swo_ 3P OLw'E ap 
-PA - -1 -E + 1 a pt (l- +) (1)
SPwfAUo P' ap, aP'
3 + m= (2)
pf + spw am am
These last two equations are the retention equations.
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APPENDIX II
APPLICATION OF THE RETENTION EQUATIONS TO A CONSTANT-RATE FILTRATION
The two retention equations are
-PA o i- p Pw D (1)
pwA 1 1 - pf + SPw am pf(l - ) at (1)
SPPfAUo aP, aP' ^--i^- + ^- " . (2)
Pf + sPw am 
In a constant-rate filtration (U = constant), the mat-forming process
occurs simultaneously with the retention process. The mat is formed from a
suspension containing fluid, fibers, and particles. Thus, s has some finite
value. If s is small compared to the consistency of the mat, then
Uf < U (47)
Esp U
(- (p + << U (48)




Pf + s, Pf
For this case, Equations (1) and (2) reduce to
-P PWE P
-PwAUo pf(l - ) +t (50)
and
ap' ap'
SPwAUo p + a- = (51)
with the boundary conditions P = P atm = 0, and P' = P ' atm = 0 for all times
- o t oo
t. There is no initial condition since the mat does not exist until t > 0.
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Since the suspension contains particles and fibers, retention by cofloc-
culation can take place in suspension before the mat is formed. P and
-o
P ' represent the free and bound particle concentrations, respectively, in
-O
the suspension. These are concentrations which exist at the surface of the
mat.
If P and P ' are constants and if the mat is considered to be in
successive equilibrium states of compression, ( would be nearly independent
of time at a given m. For this case, Equations (51) and (50) simplify to
dP'
sp AU am = > (3)
*w o dm (3)
and
-pwAU dP (4)
Combining Equations (3) and (4) gives
d (P + sP') = 0. (5)
Therefore,
P + sP' = sP (6)
00
which states at any m, the sum of the free and bound particles concentration
equals the initial concentration. At m = 0,





DETERMINATION OF TITANIUM DIOXIDE ON THE BECKMAN DB SPECTROPHOTOMETER
The following procedure was used to determine the amount of titanium dioxide
in each layer split from the pulp pads. Titanium dioxide can be dissolved in a
mixture of concentrated sulfuric acid and ammonium sulfate. Addition of hydrogen
peroxide to this solution gives a yellow color which permits the concentration
to be determined by measurement of the absorbance of the solutions. The details
of this procedure and the preparation of the standards are given below.
One-half gram of titanium dioxide was accurately weighed into a 150-ml.
beaker. Forty grams of ammonium sulfate and 50 ml. of concentrated sulfuric
acid were added. The beaker was covered with a watch glass and heated on a
hot plate until all solids dissolved. The contents were then quantitatively
transferred to a 500-ml. volumetric flask and diluted to the mark with distilled
water. Aliquots of this stock solution were placed in 50-ml. volumetric flasks
and diluted to the 50 ml. with 10% sulfuric acid to form the working titanium
dioxide standards. Nine standards were prepared, using 1, 2, 3, 4, 5, 7, 10,
12, and 15 ml., respectively, of the stock solution.
A blank solution was prepared by placing 5 ml. of the titanium dioxide
stock solution in a 100-ml. volumetric flask and diluting it to the mark with
10% sulfuric acid. An acidic hydrogen peroxide solution was prepared by
diluting 100 ml. of 35% hydrogen peroxide to 1 liter with 10% sulfuric acid.
Ten ml. of each of the standards were pipeted into separate 25-ml. volumetric
flasks and each filled to the mark with acidic hydrogen peroxide solution. The
color intensity of each of the solutions was measured using the Beckman DB (25)
at 407 nm. with the blank solution in the reference cell. A reference curve was
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prepared by plotting the absorbance of each of the standards against its con-
centration in mg./liter.
The actual samples obtained from the pad splits were ashed and the ash
dissolved in 2.5 ml. of sulfuric acid and 2 grams of ammonium sulfate. The
dissolved titanium dioxide was transferred to a 25-ml. volumetric flask and
diluted to the mark with distilled water. Five-ml. aliquots of each of the
samples were placed in another 25-ml. volumetric flask and diluted to the mark
with the acidic hydrogen peroxide solution. The absorbance of each of the
samples was then read on the Beckman DB, using the same blank as was used on
the standards. From the standard reference curve, the concentration of each
of the samples could be obtained and the amount of titanium dioxide in each
layer of the pad calculated.
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APPENDIX IV
GENERATION OF BOUND PARTICLE DISTRIBUTION
Bound particle distributions are defined by determining P' as a function
of m, the accumulated mass of the pad. Experimentally, the quantities actually
measured are the mass of particles plus pulp in a given layer, AW., and the
mass of particles in a given layer, AT., where i denotes the ith layer in the
pad. The mass of pulp in a given layer was then given by
Am. = AW. - AT.. (53)
It was then assumed that in each smaller layer the bound particle '
distribution was linear. The bound particle distribution could then be
generated in the following manner.
P.' = AT./Am. (54)
1 1 1
i




BOUND PARTICLE DISTRIBUTION DATA
This appendix contains the details of the filtration for each pad,
including the final bound particle distribution obtained.
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TABLE I
FILTRATION CONDITIONS AND BOUND PARTICLE
DISTRIBUTIONS FOR PADS P-1 THROUGH P-25
Data for Pads P-l, P-2, and P-5
Pads P-l, P-2, and P-5 were formed from the same suspension of TiO2
and pulp. Details of the filtration are given below.
Pad P-1
Conditions:
Pulp Type = 3
Initial Ratio, TiO 2 to Pulp (P ) = 0.050
pH of Suspension = 2.8 --
Mix Time of Suspension in Tank = 15 min.
Filtration Time = 850 sec.
Forming Velocity = 1 cm./sec.
Treatment of Pad After Formation = None
BOUND PARTICLE DISTRIBUTION PAD P-1
Bound Particle Concentration, Mass Pulp Accumulated,
















Pulp Type = 3
Initial Ratio, TiO2 to Pulp (P ) = 0.050
pH of Suspension = 2.8
Mix Time of Suspension in Tank = 36 min.
Filtration Time = 530 sec.
Forming Velocity = 1 cm./sec.
Treatment of Pad After Formation = None
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BOUND PARTICLE DISTRIBUTION PAD P-2
Bound Particle Concentration,























Pulp Type = 3
Initial Ratio, TiO 2 to Pulp (P )'= 0.050
pH of Suspension = 2.8 2_
Mix Time of Suspension in Tank = 59 min.
Filtration Time = 750 sec.
Forming Velocity = 1 cm./sec.
Treatment of Pad After Formation = 10 min. of Permeation of the Pad at 1 cm./sec.
pH of permeating fluid was the same as formation.
BOUND PARTICLE DISTRIBUTION PAD P-5
Bound Particle Distribution,




























Data for Pads P-3 and P-4
Pads P-3 and P-4 were formed from the same suspension of TiO2 and pulp.
Details of the filtration are given below.
Pad P-3
Conditions:
Pulp Type = 1
Initial Ratio, TiO2 to Pulp (P ) = 0.050
pH of Suspension = 2.8 
Mix Time of Suspension in Tank = 15 min.
Filtration Time = 1050 sec.
Forming Velocity = 1 cm./sec.
Treatment of Pad After Formation = None
BOUND PARTICLE DISTRIBUTION PAD P-3
Bound Particle Concentration,



































Pulp Type = 1
Initial Ratio, TiO2 to Pulp (P ) = 0.050
pH of Suspension = 2.8 -22
Mix Time in Tank = 38 min.
Filtration Time = 1010 sec.
Forming Velocity = 1 cm./sec.
Treatment of Pad After Formation = 10 min. of permeation of the pad at
1 cm./sec. pH of permeating fluid was
the same as formation.
BOUND PARTICLE DISTRIBUTION PAD P-4
Bound Particle Concentration,



































Data for Pads P-6 and P-7
Pads P-6 and P-7 were formed from the same suspension of TiO2 and pulp.
Details of the filtration are given below.
Pad P-6
Conditions:
Pulp Type = 3
Initial Ratio, TiO2 to Pulp = 0.050
pH of Suspension = 3.0
Mix Time of Suspension = 15 min.
Filtration Time - 825 sec.
Forming Velocity = 1 cm./sec.
Treatment of Pad After Formation = None
BOUND PARTICLE DISTRIBUTION PAD P-6
Bound Particle Concentration,


























Pulp Type = 3
Initial Ratio, TiO 2 to Pulp = 0.050
pH of Suspension = 3.0
Mix Time of Suspension = 33 min.
Filtration Time = 825 sec.
Forming Velocity = 1 cm./sec.
Treatment of Pad After Formation = Permeation of the pad with suspension of nylon
and pulp fibers at same velocity and pH as
formation. Final pressure drop was 14.5 p.s.i.
Permeation Time: 16 min.
BOUND PARTICLE DISTRIBUTION PAD P-7
Bound Particle Distribution,























Data for Pads P-8 and P-9
Pads P-8 and P-9 were formed from the same suspension of TiO2 and pulp.
Details of the filtration are given below.
Pad P-8
Conditions:
Pulp Type = 3
Initial Ratio, Ti02 to Pulp = 0.050
pH of Suspension = 2.8
Mix Time of Suspension = 15 min.
Filtration Time = 450 sec.
Forming Velocity = 1 cm./sec.
Treatment of Pad After Formation = None
BOUND PARTICLE DISTRIBUTION PAD P-8
Bound Particle Concentration,





















Pulp Type = 3
Initial Ratio, TiO2 to Pulp = 0.050
pH of Suspension = 2.8
Mix Time of Suspension = 58 min.
Filtration Time = 450 sec.
Forming Velocity = 1 cm./sec.
Treatment of Pad After Formation = 6 min. of permeation of the pad at 2 cm./sec.
pH of permeating fluid was the same as formation.
-BOUND PARTICLE DISTRIBUTION PAD P-9
Bound Particle Concentration,

















Data for Pads P-10 and P-ll
Pads P-10 and P-ll were formed from the same suspensions of TiO2 and pulp.




Pulp Type = 1
Initial Ratio, TiO 2 to Pulp = 0.050
pH of Suspension = 2.8
Mix Time of Suspension = 15 min.
Filtration Time = 1100 sec.
Forming Velocity = 1 cm./sec.
Treatment of Pad After Formation = None
BOUND PARTICLE DISTRIBUTION PAD P-10
Bound Particle Concentration,





































Pulp Type = 1
Initial Ratio, TiO 2 to Pulp = 0.050
pH of Suspension = 2.8
Mix Time of Suspension = 41 min.
Filtration Time = 1000 sec.
Forming Velocity = 1 cm./sec.
Treatment of Pad After Formation = 10 min. of permeation of pad at 1 cm./sec.
pH of permeating fluid was 6.8.
-118-
BOUND PARTICLE DISTRIBUTION PAD P-ll
Bound Particle Concentration,































Data for Pads P-12 and P-13
Pads P-12 and P-13 were formed from the same
pulp. Details of the filtration are given below.
Conditions: P-12
suspension of TiO 2 and
P-13
Pulp Type =
Initial Ratio, TiO2 to Pulp =
pH of Suspension =















BOUND PARTICLE DISTRIBUTIONS PAD P-12 AND PAD P-13
Bound Particle Concn.,










































Data for Pads P-14 and P-15
Pads P-14 and P-15 were formed from the same suspension of TiO2 and pulp.
Details of the filtration are given below.
Conditions: P-14 P-15
Pulp Type =
Initial Ratio, TiO 2 to Pulp =
pH of Suspension =















BOUND PARTICLE DISTRIBUTIONS PAD P-14 AND PAD P-15
Pad P-14
Bound Particle Concn., Mass Pulp Accum.,


















Bound Particle Concn., Mass Pulp Accum.,









Data for Pads P-16 and P-17
Pads P-16 and P-17 were formed from the
Details of the filtration are given below.
same suspension of TiO 2 and pulp.
Conditions:
Pulp Type =
Initial Ratio, TiO2 to Pulp =
pH of Suspension =














BOUND PARTICLE DISTRIBUTIONS PAD P-16 AND PAD P-17
Pad P-16 Pad P-17
Bound Particle Concn., Mass of Pulp Accum., Bound Particle Concn.

































BOUND PARTICLE DISTRIBUTIONS PAD P-16 AND PAD P-17 (Cont'd)
Bound Particle Concn.,

































Data for Pads P-18 and P-19
Pads P-18 and P-19 were formed from the
Details of the filtrations are given below.
Conditions:
same suspension of TiO2 and pulp.
P-19
Pulp Type =
Initial Ratio, TiO2 to Pulp =
pH of Suspension =















BOUND PARTICLE DISTRIBUTIONS PAD P-18 AND PAD P-19
Bound Particle Concn.,



































































Data for Pads P-20 and P-21
Pads P-20 and P-21 were formed from the same suspension of TiO2






Initial Ratio, TiO 2 to Pulp =
pH of Suspension =














BOUND PARTICLE DISTRIBUTIONS PAD P-20 AND P-21
Bound Particle Concn.,



































Bound Particle Concn., Mass Pulp Accum.,
















Data for Pad P-22 and P-23
Pads P-22 and P-23 were formed from the same suspension of TiO 2 and
pulp. Details of the filtrations are given below.
Conditions: P-22 P-23
Pulp Type =
Initial Ratio, TiO 2 to Pulp =
pH of Suspension =















BOUND PARTICLE DISTRIBUTIONS PAD P-22 AND P-23
Pad P-22
Bound Particle Concn., Mass Pulp Accum.,










Bound Particle Concn., Mass














BOUND PARTICLE DISTRIBUTIONS PAD P-22 AND P-23 (Cont'd)'
sound Particle Concn.

























Bound Particle Concn, Mass























Data for Pad P-24 and P-25
Pads P-24 and P-25 were formed from the
Details for the filtration are given below.
Conditions:
same suspension of TiO2 and pulp.
P-25
Pulp Type =
Initial Ratio, TiOz to Pulp =
pH of Suspension =















BOUND PARTICLE DISTRIBUTIONS PAD P-24 AND P-25
Bound Particle Concn.,































































CALCULATIONS OF PSEUDO-COLLECTION EFFICIENCY
The collection efficiency of a compressible wood pulp pad is dependent on a
number of variables. The changes in the collection efficiency within a pad may
be determined by the following method.
The retention rate, 4, can be expressed in terms of the collection efficiency
as:
= ESp AU s(Po - P'). (23)
The retention rate is also given by:
dP'4 = PwAUo d (24)
Therefore,
dP'
SPwAUo d = ESPwUOs(Poo -P'. (25)
Solving for E gives
ES dP'/dm (27)
oo
A is the cross-sectional area of the pad. S is the fiber specific surface.
S is usually assumed to be equivalent to the retention area and is considered a
constant. In this treatment, it is recognized that the retention area may not be
constant. All area effects are lumped into the collection efficiency, and changes
in area will be reflected as changes in the collection efficiency.
Using this method, a pseudocollection efficiency can be defined as:
E' =ES _ dP'/dm (28)
A P - P'
00oo
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This pseudocollection efficiency will reflect the changes in the local
variables of pore size, velocity, and retention area within a given pad.
dP'/dm is the slope of the bound particle distribution curve. It will be
denoted as F for the remainder of this section, Thus,
E' = (56)P - PI
oo
The error in E' due to errors in T, P , and P' can be estimated by taking the
differential of E'. Thus,
d + 'd(Poo - P ')
dE' = d- PI + (Poo- (57)
00 00
Dividing Equation (56) by Equation (57) gives
dE' _ d! PdP + dP'
E-' -9 + - _p' ° (58)
00
For small changes, this -may be written as
AP + AP'
E' - + P _- P ' (59)
00
This equation was used to calculate the error involved in E'.
To evaluate all of the quantities, a "best-fit" smooth curve was drawn
through all of the data points of the bound particle distribution curves. From
this "best-fit" curve, P' bt is read off at various m's. A "best" P is known
from the amount of pulp and titanium dioxide slurry added at the beginning of the
filtration. E' is calculated at various m's by using AP'be t/Am divided by P -
P'
- best
From the smoothed curves, values of P'Hi and P'L are estimated at various
~ Hi i Lo
m's. P'I is the estimated highest value of P', and P' is the estimated~- ~- Hi - Lo
-125-
lowest value of P' at a given m. The average of the difference between these
values gives a value of AP' at each m.
&P is a constant for each run. Its value is simply 5% of the best
-voo
estimate of P for the run. The 5% error in P was arrived at by summing
0-o -o0
the errors involved in the pulp weight and the titanium dioxide weight.
AY is determined by the average between a calculated THi and Lo. THi
is determined by taking the difference between the P' 's and dividing by the
- Lo
difference between the m's from which the P' 's were determined. TLo is- - Lo s
determined in the same manner by using the P' Hi's.
- Hi
After the above calculations, AE'/E' may be determined by using the
calculated E' times AE'/E. Table II gives summaries of the results of using
this method on Pad P-24.
TABLE II
SUMMARY OF CALCULATION OF E' FOR PAD P-24
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DETERMINATION OF STATES OF COMPRESSION
The following is the procedure for determining the states of compression of
the pads during a constant-rate filtration.
Standard static compressibility tests as described by Ingmanson (23) were
run on Type 2 and Type 4 pulps. The results are shown in Fig. 24.
The pressure drop across the pads was continuously recorded during each
filtration. From these pressure-time plots, the pressure at any given time
could be determined. This pressure reading could be converted into c, the
state of compression by reading the pressure value from Fig. 24.
The total time of filtration and the total mass of pulp accumulated during
that time were known experimental quantities. The mass of pulp accumulated
at any time could be calculated from the mass balance equation,
MT
m = - t, (60)
T
where
m = mass of pulp accumulated at time t, g.,
M = total mass of pad, g.,
T = total filtration time, min., and
t = elapsed time from start of filtration.
The relationship between c and m could be established by picking an elapsed
time, t. The mass of pulp accumulated, m, could then be calculated at the elapsed
time, t, by Equation (60). At this same elapsed time, t, a pressure reading
could be obtained from the pressure-time plots. Using this pressure reading,
the state of compression of the pad could be determined from Fig. 24. The state
1.0
Ist'
-> x Type 3 Pulp
. _ 0O Type 2 Pulp





0.01I I I I 1 I I 
1000 10,000 100,000
PRESSURE (p), dynes/cm2
Figure 24. Relationship Between State of Compression and Applied
Pressure
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of compression at various values of pulp accumulated could be determined in this
manner.
This procedure was used to obtain the relationship between m and c for the
pH 4.5 pads at 1 and 2 cm./sec. forming velocity. These values were also used
for the pads at pH's 5.0, 4 .0, and 3.5. The pressure drop curves were changed
slightly with the amount of particles retained. However, it was felt that the
states of compression determined for the pH 4.5 pad were reasonable approximations
of the states of compression for the other pads which were formed from the same
pulp.
The same method was used for the pads formed from the Type 3 pulp.
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APPENDIX VIII
FILTRATION EXPERIMENTS WITH HOLOPULP FIBERS
Holopulp fibers, as described in the experimental section, were used in
a series of removal experiments. The details of the experiments and results are
given below.
Microscopic observations were made on these fibers. There appeared to be
a large percentage of primary wall still associated with the fibers. This primary
wall appeared as gelatinous areas on the fibers. The primary wall is composed
primarily of hemicelluloses and pectin. The presence of these substances is
believed responsible for the results observed in these filtration experiments.
The first holopulp experiment utilized fibers that had received 30 min. of
classification on the Bauer-McNett classifier. Only the fraction retained on
the 14-mesh screen was used in the filtration. Two pads were formed from a
suspension at pH 3.0 and at a forming velocity of 1 cm./sec. The second pad
formed (P-27) received an additional 10 minutes of permeation with distilled
water at 1 cm./sec. The details of the filtrations are given in Table III and
the results are shown in Fig. 25. As can be seen in Fig. 25, the overall
retention was very low. Removal with water was achieved. The removal is fairly
uniform at approximately 50%.
The next holopulp experiment utilized fibers which had been stirred 30
min. in the British disintegrator and then classified using the same procedure as
before. Again, only the fraction retained on the 14-mesh screen was used for
the filtration. Two pads were formed from a suspension at pH 2.9 and at a
forming velocity of 1 cm./sec. The second pad formed (P-29) received an
additional 10 min. of permeation with distilled water at 1 cm./sec. The details
-131-
TABLE III
FILTRATION CONDITIONS AND BOUND PARTICLE
DISTRIBUTIONS FOR PADS P-26 THROUGH P-35
Data for Pads P-26 and P-27
Pads P-26 and P-27 were formed from the same suspension of TiO2 and holopulp.
The holopulp was classified for 30 minutes and the fraction retained on 14-mesh




Initial Ratio, TiO2 to Pulp (P ) =
pH of Suspension = -
Mix Time of Suspension in Tank =
Filtration Time =
Forming Velocity =














Permeated 10 min. with
distilled water at 1 cm./sec.
BOUND PARTICLE DISTRIBUTIONS PADS P-26 AND P-27
Bound Particle Concn.,







































Bound Particle Concn ,





























Data for Pads P-28 and P-29
Pads P-28 and P-29 were formed from the same suspension of TiO2 and holo-
pulp. The holopulp was stirred 30 minutes in the British Disintegrator and then
classified for 30 minutes. The fraction retained on 14-mesh screen was used in
the filtration experiments. Details of the filtrations are given below.
Conditions:
Pulp Type =
Initial Ratio, TiO2 to Pulp (P ) =
pH of Suspension = --
Mix Time of Suspension in Tank =
Filtration Time =
Forming Velocity














Permeated 10 min. with
distilled water at 1
cm./sec.
BOUND PARTICLE DISTRIBUTIONS PADS P-28 AND P-29
Bound Particle Concn.,









































































Data for Pads P-30 and P-31
Pads P-30 and P-31 were formed from the same suspension
The holopulp was stirred 1 hour in the British Disintegrator
for 30 minutes. The fraction retained on 14-mesh screen was
experiments. Details of the filtration are given below.
Conditions: P-30
of TiO2 and holopulp.
and then classified
used in the filtration
P-31
Pulp Type =
Initial Ratio, TiO2 to
pH of Suspension =
Mix Time of Suspension
Filtration Time =
Forming Velocity =
Treatment of Pad After
















Permeated 10 min. with





BOUND PARTICLE DISTRIBUTIONS PADS P-30 AND P-31
Bound Particle Concn.,







































































Data for Pads P-32 and P-33
Pads P-32 and P-33 were formed from the same suspension of TiO2 and holopulp.
The holopulp was stirred 2 hours in the British Disintegrator and then classified
for 30 minutes. The fraction retained on 14-mesh screen wire was used in the fil-
tration experiments. Details of the filtration are given below,
Conditions: P-32 P-33
Pulp Type =
Initial Ratio, TiOz to
pH of Suspension =
Mix Time of Suspension
Filtration Time =
Forming Velocity =
Treatment of Pad After

















Permeated 10 min. with
distilled water at 1
cm./sec.
BOUND PARTICLE DISTRIBUTIONS PADS P-32 AND P-33
Bound Particle Concn.,









































BOUND PARTICLE DISTRIBUTIONS PADS P-32 AND P-33 (Cont'd)
Bound Particle Concn.,











































Data for Pads P-34 and P-35
Pads P-34 and P-35 were formed
This holopulp was caustic extracted
retained on 14-mesh screen was used
filtration are given below.
Conditions:
from the same suspension of TiO2 and holopulp.
and then classified for 30 minutes. The fraction
in the filtration experiments. Details of the
P-34 P-35
Pulp Type = Caustic Extracted Holopulp
Initial Ratio, TiO2/Pulp (P ) = 0.050
pH of Suspension = - 2.9
Mix Time of Suspension in Tank = 15 min.
Filtration Time = 1100 sec.
Forming Velocity = 1 cm./sec.












BOUND PARTICLE DISTRIBUTIONS PADS P-34 AND P-35
Bound Particle Concn.,
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Figure 25. Bound Particle Distributions for Pulp Pads. P-27 was Additionally
Permeated with Distilled Water at the Same Velocity as Formation
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of the filtration are given in Table III and the results are shown in Fig. 26.
The results of this experiment are approximately the same as the previous results.
The pulp treatment had little effect on its retention behavior.
The holopulp fibers were then stirred for 1 hr. in the British Disintegrator,
followed by classification as before. Using only the fraction retained on the 14-
mesh screen, two pads were formed at pH 3.1 and at a forming velocity of 1 cm./sec.
The second pad formed (P-31) received an additional 10 min. of permeation with
distilled water at 1 cm./sec. permeating velocity. The details of the filtration
are given in Table III and the results are shown in Fig. 27. The results of this
experiment are also approximately the same as the other two experiments.
The recorded pressure drop data for these three filtrations was approximately
the same. This indicated that the pulp had not been appreciably affected by the
beating and classifying treatment.
The holopulp fibers were next subjected to 2 hr. of stirring in the British
Disintegrator followed by classification. Two pads were formed from the fraction
retained on the 14-mesh screen. The pH of the suspension was set at 2.9 and
the forming velocity was 1 cm./sec. The second pad formed (P-33) received an
additional 10 min. of permeation with distilled water at 1 cm./sec. permeating
velocity. The details of the filtrations are given in Table III and the results
are shown in Fig. 28. As seen in this figure, the retention has improved slightly,
The pressure drop across these pads was approximately double the pressure
drop of the three previous experiments. This indicates an increase in surface
area and may explain the increase in retention for these pads.
0.
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The reason for the low retention observed in all of these filtrations with
holopulp fibers is believed to be due to the presence of the hemicellulose and
pectin on the fibers and no doubt also in solution. It is known that the presence
of polymeric materials can have marked effects on flocculation behavior of hydro-
phobic colloids (18). Hydrophilic polymers can act as both flocculating and
dispersing agents on hydrophobic colloids. The mechanism is visualized as follows:
The polymers absorb on the hydrophobic colloid surfaces. At some optimum concen-
tration, single polymer molecules are adsorbed on two or more particles simultaneously
and form bridges. This action leads to flocculation of the hydrophobic colloid
even against an opposing electrical double layer barrier. At higher polymer
concentrations or under conditions of long-continued or more intense agitation,
polymer molecules tend to adsorb on single particles with little or no bridging.
This leads to stabilization of the particle dispersion due to the entropy barrier
which develops as particles approach one another.
The presence of the hemicellulose and pectin on the fibers and most probably
in the solution could lead to a stabilization of the system as described above.
Adsorption of the materials on the titanium dioxide particles could result in a
large entropy barrier, making the particles difficult to retain.
With this mechanism in mind, it was decided to do a caustic extraction on
the holopulp and see if there was any difference in the retention behavior of
the fibers. The purpose of the caustic extraction was to remove the hemicellulosic
material.
Two hundred grams of the holopulp were mixed with a 6% sodium hydroxide
solution. The suspension was stirred for 30 min. at room temperature. The
caustic was then filtered off and the above procedure repeated.
-14o-
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After filtering the second time, the pulp was washed with dilute acetic
acid (4%). It was then washed with distilled water until a neutral pH was
achieved.
The caustic-extracted pulp was then classified and the 14-mesh fraction
was used in a filtration experiment. Two pads were formed from a suspension at
pH 2.9. The forming velocity was 1 cm./sec. The second pad formed (P-35) was
permeated with distilled water at 1 cm./sec. permeation velocity. The details
of the filtration are given in TableIII and the results are shown in Fig. 29.
As seen in the figure, the level of retention has been improved by the caustic
extraction.
The results of this experiment give support to the proposed idea of the
adsorption of the hemicelluloselike polymers leading to entropy stabilization of
the titanium dioxide particles. However, it is by no means conclusive proof-
This area needs further investigation.
z
o x P-34 Control Pad
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APPENDIX IX
REMOVAL EXPERIMENT USING RAYON FIBER
Duplicate pads of rayon fibers were formed at 1 cm,/sec. forming velocity,
The pH of the suspension was set at 3.1. After formation of the second pad and
without interruption of the flow, this pad was permeated an additional 10 min.
with distilled water at pH 6.3. Details of the experiment are given in Table IV
and the results are shown in Fig. 30. As can be seen in the figure, little or
no removal was observed.
The results of this experiment can be contrasted with the results shown
in Fig. 9. The results of Fig. 9 were interpreted as being due to repeptization,
No dispersion was observed in the rayon experiment. A possible explanation for
this behavior could be that it is due to occluded impurities which might have
been introduced into the rayon fibers during manufacture. However, a satis-
factory explanation of this result cannot be given. A detailed study of the
rayon fiber under a variety of colloidal conditions was not performed, This
result serves as another example of the complexity of the retention process and
points out the problems encountered in attempting to generalize the results of
one retention system to another.
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TABLE IV
FILTRATION CONDITIONS AND BOUND PARTICLE
DISTRIBUTIONS FOR PADS P-36 AND P-37
Data for Pads P-36 and P-37
Pads P-36 and P-37 were formed from the same suspension of TiO2 and rayon
fiber. Details of the filtrations are given below.
Conditions: P-36 P-37
Pulp Type =
Initial Ratio, TiO2 to Pi
pH of Suspension =
Mix Time of Suspension =
Filtration Time =
Forming Velocity =
Treatment of Pad After Fe
















Permeated 10 min: with
distilled water at 1
cm. /sec.
BOUND PARTICLE DISTRIBUTIONS PADS P-36 AND P-37
Pi
Bound Particle Concn.,
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Figure 30. Distributions for Pulp Pads. P-37 was Additionally






























FILTRATION EXPERIMENTS AT pH'S 2.1, 2.6, AND 12.0
Filtration experiments performed at extremely high and low pH's gave
anomalous results. These experiments are presented here with probable explana-
tions for the observed results.
The experiments were carried out by making up suspensions containing
enough fiber and particle to form 2 pads. The pH of the suspension was then
adjusted with either HC1 or NaOH. Constant-rate filtrations were then carried
out at forming velocities of both 1 and 2 cm./sec.
Table V and Fig. 31 and 32 summarize the results of the filtrations
performed at pH 2.1 and pH 2.6. As seen in Fig. 31 and 32, the amount of
retention at 1 cm./sec. forming velocity is significantly higher than at 2
cm./sec. This is in keeping with the expected results of retention under good
flocculating conditions. However, the overall level of retention for these pads
is below that obtained for Pads P-24 and P-25 which were formed at pH 3.5.
It is believed that the reason for this result is due to fiber-fiber
flocculation occurring at these low pH's. During these experiments, extensive
fiber-fiber flocculation was observed. As the fibers flowed down the filtration
tube, they tended to form into small clumps. The result was poorly formed pads
with abnormal porosity variations. This probably caused preferential areas of
flow in the pads, and, in effect, reduced the fiber area available for retention.
Table V and Fig. 33 summarize the results of a filtration carried out at
pH 12. This is the highest level of retention observed for any filtration in
this series of experiments. At this high pH, the sodium ion content is quite
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TABLE V
FILTRATION CONDITIONS AND BOUND PARTICLE
DISTRIBUTIONS FOR PADS P-38 THROUGH P-43
Data for Pads P-38 and P-39
Pads P-38 and P-39 were formed from the same suspension of TiO 2 and pulp.
Details of the filtrations are given below.
Conditions: P-38 P-39
Pulp Type =
Initial Ratio, TiO 2 to
pH of Suspension =
Mix Time of Suspension
Filtration Time =
Forming Velocity =















BOUND PARTICLE DISTRIBUTIONS PADS P-38 AND P-39
Bound Particle Concn.,



















































Data for Pads P-40 and P-41
Pads P-40 and P-41 were formed from the same suspension
Details of the filtrations are given below.
of TiO2 and pulp.
Conditions:
Pulp Type =
Initial Ratio, TiO 2 to Pulp (P ) =
pH of Suspension = --

















BOUND PARTICLE DISTRIBUTIONS PADS P-40 AND P-41
Bound Particle Concn.,





















































Data for Pads P-42 and P-43
Pads P-42 and P-43 were formed from the same suspension of





Initial Ratio, TiO 2 to
pH of Suspension =
Mix Time of Suspension
Filtration Time =
Forming Velocity =














BOUND PARTICLE DISTRIBUTIONS PADS P-42 AND P-43
Bound Particle Concn.,
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Figure 31. Bound Particle Distributions for Pulp Pads. Pads Formed from
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Figure 32. Bound Particle Distributions for Pulp Pads. Pads Formed from









Figure 33. Bound Particle Distributions for Pulp Pads Paec. Forming Velocityfrom
Suspension at .01 Oo 0.01 0 o P-43 2 cm./sec. Forming Velocity
0
0 I 2 3 4 5
PULP ACCUMULATED (m), g.
Figure 33. Bound Particle Distributions for Pulp Pads. Pads Formed from
Suspension at pH 12.0
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high. There may have been enough sodium ion to lead to coflocculation between
the fibers and titanium dioxide particles. At this pH, the pulp became highly
swollen and gelatinous. In this condition, the particles could easily become
imbedded in the fiber wall. To test this explanation, another filtration was
performed at the same pH. A pad was formed at 1 cm./sec. and then the flow was
changed to distilled water. The pad was permeated for an additional 24 min.
with distilled water. The effluent below the septum did not become turbid,
indicating little or no removal. The particles did not redisperse as previously
observed with the Type 1 pulp. This retention independent of colloidal environ-
ment is an indication of mechanical entrapment of the particles.
